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Abstract 
A large percentage of combat troops suffered Traumatic Brain Injuries (TBI) due to Improvised 
Explosive Devices (IEDs) in recent wars in the Middle East. The majority of TBIs were caused by exposure 
to blast waves. Use of advanced body armor has decreased the number of fatalities due to impacts after 
the explosions, increasing the number of observed non-fatal brain injuries from the blast waves. A large 
number of TBIs due to impact hits are also reported in skiers, bicyclists, football players etc. A new 
design concept for the helmet liners is being proposed that introduces solid or fluid filler material in 
channels inside the helmet liner. The main emphasis has been to improve the attenuation of incoming 
shock waves in the Army helmets; however, some impacts studies were also carried out for sports 
helmets.  
Directed blast experiments in collaboration with Purdue University and numerical studies using 
the ConWep module available in ABAQUS v6.10 are carried out. Fluid fillers are modeled using the 
coupled Eulerian-Lagrangian (CEL) functionality of ABAQUS. Preliminary results using flat plate sandwich 
structures with rectangular channels show that the use of high density filler material results in higher 
levels of blast mitigation. The peak transmitted overpressure is substantially reduced, while the duration 
of the positive pressure pulse and the rise time are increased leading to reduced pressure gradients. 
Fluid filler materials were also found to be promising. Viscosity was not found to be a potential 
mechanism for blast mitigation as hypothesized. No significant advantage of using circular or criss-cross 
channel geometries was observed. Prototypes of the first design of the helmet liner with channels have 
been fabricated, and their testing is under way. Development of a numerical model to observe the 
response to blast of the modified liner coupled with the Army’s Advanced Combat Helmet (ACH) and a 
human head is also currently in progress. 
 Experimental impact studies were carried out comparing POC ski helmets with standard ski 
helmets. Over multiple impacts, POC ski helmets showed substantially lower peak accelerations. 
Different filler materials in the sandwich structures were drop tested. Both the numerical model and the 
experiments showed higher impact attenuation by the use of viscous fluid in the sandwich structures 
subjected to drop tests. 
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CHAPTER 1 
INTRODUCTION 
 
This chapter will first provide an overview of the major issues and the motivation behind this 
research endeavor. It will then detail the specific objectives of the project and the methodology used to 
address them. In the end it will provide a structural overview of this thesis. 
1.1 Motivation 
 The Army helmets are traditionally designed to prevent potentially catastrophic injuries such as 
skull fracture and other serious head injuries often associated with long term brain damage and death 
due to bullet-strike, shrapnel, debris etc. But the present Army helmets do not provide enough 
protection against shock waves propagating from the explosions of Improvised Explosive Devices (IEDs). 
In fact more than 150,000 U.S. military personnel have been medically diagnosed with a Traumatic Brain 
Injury (TBI) since 2001, according to the Defense and Veterans Brain Injury Center (DVBIC).  Severity of 
TBI ranges from mild injuries, to head penetration injuries. In 2009, roughly 2% of TBIs were classified as 
serious or penetration injuries, 89% were classified as mild or moderate injuries, while the remainder 
could not be classified (Christou, 2010). Wojcik et al. (2010) found that 46.7% of TBIs in the subjects 
from Operation Enduring Freedom (OEF) in Afghanistan and 63.9% of TBIs in the subjects from 
Operation Iraqi Freedom (OIF) in Iraq were attributable to exposure to explosions.  Blunt impacts, head 
penetrations, and burns accounted for the remainder of TBIs (Warden, 2006). TBIs clearly represent a 
significant percentage of the military personnel injuries, and the above study suggests that exposure to 
explosions is a primary cause of TBIs. The probability of exposure of personnel to TBI-causing explosions 
is possibly higher than in the previous wars (Warden, 2006). Even though the threat of IEDs has been 
identified for several years, clearly the problem has not been solved and thus TBI has been termed as 
the signature injury of these wars. 
A large number of TBIs due to the impact hits are also reported in skiers, bicyclists, football 
players and other sports which use helmets. Another aspect of this study was to extend the previous 
research done on bike helmets at MIT (Stewart, 2008) into the domain of ski helmets. Present ski 
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helmets does reduce the likelihood of head injuries but still do not provide fool-proof protection 
especially over multiple impacts (Macnab et al., 2002; Hagel et al., 2005; Sulheim et al., 2006 etc.). 
1.2 Objectives and Methodology 
One major emphasis in this project has been to address the need for improved protection 
against blast induced traumatic brain injuries caused by the shock wave generated by an explosion.  A 
new combat helmet liner concept is being investigated that will add blast protection to the capabilities 
of the standard issue helmet, supplementing the current protection afforded against impact type 
injuries. It involves incorporating channels in the helmet liner filled with solid or fluid filler materials. As 
a proof-of-concept, both experimental and numerical studies using sandwich structures were carried 
out. 
Experiments are conducted using an explosively driven shock tube facility located at Purdue 
University. Sandwich structures were manufactured at MIT by hand layup technique using high energy 
viscoelastic foam manufactured by Der-Tex Corporation (Southfield, MI). Response of various filler 
materials inside the cavity was investigated. A solid block of foam was used as a benchmark case. The 
profile of the transmitted pressure wave was recorded. The most important parameter of interest was 
the peak transmitted pressure as it plays a significant role in TBI. However, rise time and time duration 
of the transmitted wave were also investigated to study the effect on pressure gradients. 
Results obtained experimentally were compared with a continuum computation model 
developed in ABAQUS v6.10, a commercial finite element modeling software. Parametric studies by 
changing the material properties and geometry of the structure were carried out to gain insight into the 
physics of blast mitigation. Results obtained were useful in the design of ongoing blast experiments of 
helmet liners inside army helmets. 
Experimental impact studies were carried out comparing high-end POC ski helmets with 
standard ski helmets. A drop test assembly at MIT was used to carry out testing as per ASTM standards. 
One major emphasis of this study was to look into the performance after multiple drops. The response 
of different filler materials in the cavities of sandwich structures were also investigated, both 
experimentally and numerically. Numerical model developed in ABAQUS helped in understanding the 
physics of impact attenuation especially that of viscous filler materials. 
In short the two objectives of this project were: one to study blast mitigation and other to study 
impact attenuation. This is carried out by suggesting inclusion of deformable materials or fluids, 
sandwiched within the foam, which may help in dissipating blast or impact energy and in spreading the 
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peak force over a wider area of the skull. It is hypothesized that this in turn will reduce the peak 
transmitted pressure and elongates the waveform, before it reaches the brain and thus reduces the 
likelihood of TBI. 
1.3 Thesis Organization 
This thesis includes a literature survey, experimental and numerical results for blast mitigation 
study, as well as the results of drop experiments. This thesis comprise of six chapters. 
Chapter 2 first discusses TBI from a physiological point of view. It discusses TBI’s proposed 
mechanisms both for blast and for impact, symptoms and diagnostic methods. Since the major emphasis 
has been on blast induced TBI, this chapter also discusses the different blast mitigation strategies that 
have been proposed and tried in the past by other groups not only restricted to helmet research. It 
discusses solid and fluid fillers separately. Knowledge gained through literature is used in choosing 
candidate filler materials in this study. 
Chapter 3 concentrates on drop test experiments that were conducted at MIT. It first presents a 
brief background and overview of some previous impact studies done at MIT. It then explains the 
experimental apparatus, procedures and presents the results of the two types of drop tests that were 
carried out, viz. drop tests comparing ski helmets and drop tests comparing filler materials in foam-
forms. It also presents the results of post-drop uni-axial load tests that were carried out on the ski 
helmets. 
Chapter 4 is divided in two major sections. In the first section, different aspects of the 
experimental testing carried out at Purdue University are presented and discussed. Preliminary results 
from this testing were used in validating the numerical model. It then presents a study on weight 
penalty of the use of the proposed filler materials in place of the liners of the standard Army helmets. 
The section concludes with a description of the challenges faced during the course of the experimental 
study. The second section of the chapter provides a description of the consolidation tests carried out at 
MIT’s soils lab to obtain a good material model for glass beads that can be used in ABAQUS.  
Chapter 5 is the crux of the thesis. It discusses in detail the development of a numerical model 
of blast loading on sandwich structures. Numerical results are compared with experiments and 
discussed. Parametric studies are presented. As in previous chapter, it also briefs the reader on the 
challenges faced during the development of the numerical model. It then discusses the development of 
the numerical model to simulate drop test experiments, following up with a discussion of the results of 
the simulated cases. 
20 
 
Chapter 6 contains the final conclusions of the experimental and numerical studies for both 
blast mitigation and impact attenuation. Furthermore, recommendations for future work are proposed, 
some of which are already getting implemented by another graduate student. Results from split 
Hopkinson bar testing conducted by Prof. Socrate at MIT to characterize Der-Tex foam at high strain rate 
loading are presented in the Appendix. 
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CHAPTER 2 
LITERATURE SURVEY 
 
 Traumatic Brain Injury (TBI) resulting from blast induced shock waves are the most widely 
diagnosed injury among the soldiers who returned from recent military conflicts. It has been dubbed as 
the signature injury of the wars. As modern body armor has substantially reduced soldier fatalities from 
explosive attacks, the lower mortality rates have also revealed the high prevalence of TBI.  
 As per a Pentagon report (Glasser, 2007), one third of troops deployed in the Middle East 
suffered mild or severe TBI. TBI is believed to be caused in part by mechanisms during the first few 
microseconds of the blast when shock front overpressure rises almost instantly to potentially fatal 
levels. While the exact causes of TBI are not fully understood, smoothening and lowering the shock front 
during the first few microseconds of the blast is believed necessary for TBI mitigation. 
 Our research effort concentrates on the development of a helmet liner that increases the 
effectiveness against blast induced trauma in comparison with previous conventional helmet liners 
constructed of pure foam. This chapter focuses on current and previous blast mitigation strategies and 
the vestibular manifestations of blast induced TBI. Blast exposure produces a unique set of vestibular 
disorders and associated symptoms that progress over time. Understanding the characteristics of these 
symptoms as they vary over time may be critical in designing mitigation strategies. 
2.1 Blast Effects 
 A blast results when solids or liquids are rapidly converted into a gas. In this state, the gas 
molecules become heated and highly pressurized. The heated gas expands into the surrounding air at 
speeds higher than that at which sound travels, compressing the air and creating a peak overpressure 
wave or shock wave radiating from the point of detonation. Closely following the shock wave is a blast 
wind that also radiates from the point of detonation. As the gas expands, the pressure drops and creates 
a vacuum or negative pressure wave. Extreme pressure changes occur as the stress and shear waves of 
the blast hit the body. The effects of the primary overpressure wave are nonlinear and complex. The 
damage produced by the overpressure wave typically decreases exponentially from the blast epicenter. 
If the explosion is detonated within an enclosed space or if the blast waves travel inside a vehicle, then 
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the effects of the blast waves become additive nonlinearly as the waves reflect off walls, floors, and 
ceilings. Fig. 2.1 shows a predicted comparison of overpressure, as a function of distance for some 
typical IED sources. Shock waves fundamentally only occur at supersonic conditions whereas the 
combustion products travel at sonic speeds. 
 
Fig. 2.1 Pressure comparison for different IED sources (Alley, 2009) 
2.2 Injury Mechanisms 
 The effects of blasts are typically concomitant and not mutually exclusive. Possibilities include 
acceleration of the head, direct passage of the blast wave via the cranium, and propagation of the blast 
wave to the brain via a thoracic mechanism.  
 Shock waves from the explosions can cause acceleration and deceleration of the brain, which 
sits inside a hard skull. The sudden acceleration and deceleration forces often result in contusions of the 
frontal and temporal lobes which are located at the interface between the soft tissues of the brain and 
the hard bone of the skull (Chafi et al., 2010). In addition, they often generate shear forces within 
different parts of the brain which displace at different rates, resulting in the stretching of axons, with 
unfavorable effects on their functionalities. In the same way, rotational forces can also be imparted to 
the brain, and both the shear and rotational forces can damage the cerebral white matter, as well as the 
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brain stem structures (Chafi et al., 2010). Blast waves can also impose a complicated series of 
mechanical and physical reactions involving local bending, fracturing of the skull and/or volume/ density 
changes to the intracranial contents. These blast waves can induce tissue strains and stresses which may 
result in damage of the brain tissues. 
 This mechanism of damage is more commonly known as coup-countrecoup injury. Coup 
contusions are produced by the impact of the skull on the brain at the loading location while 
countrecoup lesions follow from bouncing of the brain against the inner posterior surface of the skull, 
resulting in possible development of cavitation bubbles within the brain due to negative pressure. 
Cavitation effects can also be present in the coup region following a severe shock wave in both coup and 
countrecoup regions (Sayed et al., 2008). Figure 2.2 illustrates the coup and countrecoup regions. 
 
Fig. 2.2 Coup and countrecoup regions (Kleiven, 2002) 
 
 In an experiment (Chavko et al., 2006), miniature pressure transducers were implanted into rat 
brains before subjecting them to blasts of up to 40 kPa (5.8 psi). These pressure levels are low compared 
to IED explosion pressure levels, but are sufficient enough to cause TBI in rats. The sensor was placed in 
the third cerebral ventricle of anesthetized rats. Short pressure waves lasting several ms were detected 
inside the brain with the magnitude that might result in nervous tissue damage. This experiment 
suggested the possibility of a cranial mechanism in causing TBI.  
 In another animal experiment with raccoons (Courtney and Courtney, 2009), blast pressure 
wave was isolated from cranium by keeping the head of the raccoon above the water and rest of the 
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animal inside the water. A bullet was fired in the water close to the thorax of the animal but not 
penetrating it. Blast waves are generated inside water. Electroencephalography (EEG) suppression and 
damage to hippocampus and hypothalamic neurons were recorded, which are the areas which have 
been associated with TBI in humans. In another study, a relationship between the lung injury and peak 
acceleration of the lateral thoracic wall of anesthetized pigs which were subjected to short duration 
blast loadings was obtained (Cooper, 1996). He found that under short duration blast wave loadings, the 
direct coupling of the incident shock wave into the thorax was the principal injury mechanism. This was 
achieved by the initial rapid acceleration of the thoracic wall. These findings suggest a probable thoracic 
mechanism for propagation of the blast wave to the brain.  
 One may think that transient high pressure impulse could blow the cupula during its passage 
through the semicircular canals. There are no studies which addresses this issue. There are some 
experimental studies performed using animals. In one study (Sunesan, 2000), pigs were exposed to 
blasts. Depression of cortical activity accompanied by short-lasting apnea (transient cessation of 
respiration) was recorded. This indicates a blast wave-induced effect on the brainstem. In another study, 
it was found that the blast wave and ensuing noise exposure cause structural damage to the inner and 
outer hair cells, resulting in conductive hearing loss and/or Sensorineural hearing loss - SNHL  (Foltin et 
al., 2006). This damage is primarily mechanical, as the force of the blast wave tears the sensory cells and 
displaces the basilar membrane. It is not known if the tear takes place because of pull of sensory cells or 
the underlying structure. 
 The mechanism of TBI due to a blast wave is different than that due to blunt impact, like fall, 
whiplash-type injuries, contact injuries etc. But understanding the mechanism of TBI due to impact 
might also help us in understanding blast induced TBI. Ernst (2009) explains that the impact of the head 
or the “whiplash”-triggered impact leads to a pressure transfer into the petrous bones. The petrous 
bone surrounds the so-called “labyrinth” with the inner ear – the auditory receptor cells (organ of Corti, 
inner and outer hair cells) and the vestibular receptors (semicircular canals, maculae sacculi and utriculi) 
(Fig. 2.3). As seen in Fig. 2.4, the labyrinth is fluid-filled (perilymph/endolymph) and the petrous bone 
contains large, pneumatized spaces which are ideal prerequisites for such a pressure transfer in blunt 
trauma of the head and neck (Ernst, 2009). Acceleration/deceleration forces (coup/contrecoup) or a 
direct blow over the temporal squama cause a concussion of the fluid-filled labyrinth and a receptor 
dysarray (hair cell damage, basilar membrane rupture or break-up, otolith displacement, shearing of the 
tectorial membrane, small bleedings into vascular stria or into the semicircular canals etc.). Late 
sequaelae of such a concussion involve the audiovestibular nerve (shearing/ tearing forces) or the 
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central auditory pathway (central vestibular structures are known, but there is no “classical pathway” up 
to the cortex). 
 
Fig. 2.3 Neuroanatomical pressure transfer routes upon blunt head trauma from the CSF spaces to the 
membranous labyrinth filled with perilymph and endolymph (i.e., inner ear and vestibule); (Ernst, 
2009) 
 
Fig. 2.4 A conceptual sketch of energy transfer routes upon blunt head trauma from the CSF spaces to 
the membranous labyrinth filled with perilymph and endolymph (i.e., inner ear and vestibule); (Ernst, 
2009) 
 
28 
 
 In order to better understand the difference between head injury due to impact and that due to 
blast waves, Moss et al. (2009) used three-dimensional hydrodynamic simulations. They proved that 
direct action of the blast wave on the head causes skull flexure, producing mechanical loads in brain 
tissue comparable to those due to an impact induced injury. This happens even at nonlethal blast 
pressures as low as 2 atm. 
 In particular, they showed that blast waves affect the brain very differently from direct impacts. 
The primary source of injury from direct impacts is the force resulting from the bulk acceleration of the 
head. In contrast, a blast wave squeezes the skull, creating pressures as large as an impact induced 
injury and pressure gradients in the brain that are much larger. This occurs even when the bulk head 
accelerations induced by a blast wave are much smaller than from a direct impact. Although the 
simulations show that the skull is deformed only about 50 microns (the width of a human hair), this is 
large enough to generate potentially damaging loads in the brain.  
 Since blast waves and direct impact affects the head in fundamentally different ways, armor 
systems that are designed to protect soldiers from impacts and projectiles may not be optimal for blast 
wave protection. Moss et al. (2009) studied how helmets and their suspension systems influence the 
blast-induced mechanical loads in the brain. They looked at two common systems: a nylon web system 
formerly used in the Personnel Armor Systems Ground Troops (PASGT) infantry helmet and viscoelastic 
foam pads like those in the Advanced Combat Helmets (ACH). Both helmets were modeled as hemi-
ellipsoidal Kevlar shells.  
 In the first case (Fig. 2.5), the 1.3 cm gap between the webbing and the shell allows the blast 
wave to "wash" under the helmet. In this case, the blast wave is focused by the shape of the helmet and 
the pressures under the helmet exceed those outside, so the helmet doesn't prevent the rippling 
deformation of the skull and pressure gradients in the brain. In the second case, this "under wash" effect 
is mostly prevented by the presence of the foam pads, but under blast loading, the pads can become 
stiffer so that the blast wave-induced motion or deformation of the helmet is transferred to the skull. 
This can also result in dangerous loads in the brain. 
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Fig. 2.5 Amplification of the blast pressure and loads on the head due to underwash for a helmet with 
webbed suspension (Moss et al., 2009) 
 Mott et al. (2008) conducted coordinated experimental and numerical studies to investigate the 
effect of blast-induced pressure fields beneath the Army helmets. They used the Advanced Combat 
Helmets manufactured by the Gentex Corporation (Simpson, PA). ACH helmets from Gentex Corporation 
were used in our experimental study as well (Chapter 4). They also observed focusing mechanism like 
Moss et al. (2009), i.e., if a shockwave from a blast hits a helmeted head, it can penetrate the gap 
between the helmet and head, travel up inside the helmet, and come down the other side to focus on 
the side of the head facing away from the explosion. On the side facing away from the blast, it can 
combine with other shock waves wrapping around the outside of the helmet and produce even greater 
pressures than the side facing into the blast. 
2.3 Symptoms of TBI 
Dizziness and vertigo are the most common symptoms in the patients with blast-induced TBI. 
"Dizziness" indicates light-headedness or a feeling that one is going to fall. Vertigo is considered to be an 
illusion of movement, typically perceived as spinning, and commonly indicates vestibular pathology. 
Oscillopsia is the perception that objects known to be stationary are moving in the visual environment. 
Oscillopsia occurs during head movement in people with vestibular hypofunction, indicating inadequate 
gaze stabilization by the vestibulo-ocular reflex (VOR). Some other symptoms commonly observed are 
difficulty in hearing and maintaining balance, tinnitus (ringing or booming sensation in one or both ears), 
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otalgia (an ache localized in the middle or inner ear) among others. Table 2.1 provides a concise review 
of vestibular impairments associated with TBI.  
Table 2.1 Clinical presentation of common vestibular symptoms and findings associated with TBI 
(Scherer and Schubert, 2009) 
Impairment Recommended Tests Evidence 
Increased motion 
sensitivity 
Clinical examination, Motion 
sensitivity Quotient, clinical 
test of sensory integration of 
balance 
Abnormal posturography (Gottshall et al., 2003) 
Oscillopsia or gaze 
instability 
Clinical examination, 
computerized dynamic visual 
acuity 
Abnormal computerized dynamic visual acuity in 
patients with acute-stage mTBI, significant 
dizziness related disability in subjects with mTBI 
(Gottshall et al., 2003) 
Vertigo Clinical examination, 
positional test (Dix-Hallpike) 
BPPV secondary to head trauma (Basford et al., 
2003), non positional vertigo in 5/5 service 
members located within 10 ft of blast epicenter 
(Chandler et al., 1997), abnormal dix-Hallpike 
test results (Hoffer et al., 2010) 
Spatial disorientation Clinical examination, 
computerized dynamic 
posturography, rotary chair 
test 
Abnormally low VOR gains and abnormal phase 
shifts during mid-frequency (0.32 & 0.64 Hz) 
sinusoidal rotary chair test (Hoffer et al., 2010) 
Gait deficits Clinical examination, motion 
capture test 
Significantly reduced gait speed and stride 
length in subjects with TBI (Basford et al., 2003) 
Postural instability  Clinical examination, 
computerized dynamic 
posturography 
Blast exposed subjects showed postural 
instability in conditions 5 and 6 (Campen et al., 
1999) 
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Vestibular 
hypofunction 
Clinical examination, caloric 
examination (electrony-
stagmography), rotary chair 
test, computerized dynamic 
visual acuity 
80% incidence of vestibular pathology in 
patients with TBI per caloric assessment: 7/10 
had unilateral vestibular hypofunction, 1/10 had  
bilateral vestibular hypofunction (Basford et al., 
2003) 
 
2.4 Diagnostic Methods for TBI 
Subjective measures such as historical evaluation of patients and self-report questionnaires are 
used initially to assess which functions might be impaired. Tools such as the Military Acute Concussion 
Evaluation and the Walter Reed Army Medical Center Blast Injury Questionnaire help in characterization 
of the patients with blast exposure and suspected TBI or vestibular pathology. Other self-report 
measures, such as the Dizziness Handicap Inventory and the Activities-specific Balance Confidence Scale, 
provide insight into a patient's self-perceived limitations, which may have deleterious effects on 
rehabilitation or social functioning. These measures are ideally administered initially and during follow-
up visits. 
Computerized behavioral measures such as the dynamic visual acuity test and computerized 
dynamic posturography (CDP) are widely used in rehabilitation settings to assess gaze and postural 
stability, respectively, in patients with blast exposure, dizziness, or TBI. Vestibular function testing (eg., 
rotary chair test and ENG) is also advisable in this patient population. The sensitivity of clinical gait 
analysis to vestibular deficits may be enhanced by the administration of a standardized measure, such as 
the Dynamic Gait Index (DGI, it is an eight item tool to assess likelihood of falling) or the Functional Gait 
Assessment (derived from DGI). For those patients with suspected TBI and cognitive deficits (in addition 
to dizziness), therapists should consider dual tasking in balance and gait activities to identify processing 
and reaction time impairments (Scherer and Schubert, 2009). 
Table 2.2 summarizes some common clinical and laboratory measures, the structure that they 
assess, and how the tests are applied. Additionally, abnormal test findings and guidelines on how such 
findings should be interpreted are included. 
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Table 2.2 Clinical and laboratory tests for vestibular pathology in subjects exposed to blast (Scherer 
and Schubert, 2009) 
Test Name Structures, Pathways, 
or  Process Assessed 
Application of Test Abnormal 
Findings 
Interpretation 
 
Head Impulse 
Test (Halmagyi 
et al., 1988) 
Horizontal 
semicircular canals, 
superior branch of 
vestibular nerve 
High-acceleration, 
moderate velocity, 
low-amplitude head 
rotation with 
subject maintaining 
gaze on fixed target 
Corrective 
saccade to 
target after 
head rotation 
Abnormal aVOR, 
attributable to 
peripheral vestibular 
hypofunction 
Electronystag-
mography (Fife 
et al., 2000) 
 
Extraocular muscles, 
horizontal 
semicircular canals, 
superior branch of 
vestibular nerve, 
vestibular and 
oculomotor pathways 
within CNS 
 
Exposure to aural 
and visual 
stimulation (e.g., 
calories, moving 
targets) 
Abnormal 
nystagmus, 
abnormal eye 
movements 
Abnormal 8th cranial 
nerve, abnormal 
smooth pursuit or 
saccades attributable 
to pathology within 
peripheral or central 
vestibular pathways, 
oculomotor pathways, 
or both 
Rotary Chair 
Test (Fife et al., 
2000) 
Horizontal 
Semicircular Canals, 
superior branch of 
vestibular nerve 
Sinusoidal rotation 
at frequencies of 
0.01-0.64 Hz; 
clockwise and 
counterclockwise 
rotation at up to 
240 deg/sec 
Abnormal 
nystagmus, 
abnormal eye 
movements 
Abnormal aVOR gain or 
phase attributable to 
pathology within 
peripheral or central 
vestibular or 
oculomotor pathways 
Positional Test 
(Fife et al., 
Semicircular canals Movement of 
involved canal into 
gravity-dependent 
Patient 
reported 
complaints of 
Abnormal presence of 
otoconia in 
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2000) position vertigo and 
pathologic 
nystagmus 
semicircular canal  
Dynamic Visual 
acuity Test (Fife 
et al., 2000) 
Horizontal 
Semicircular canals, 
vestibular nerve 
 
Active or passive 
head movement 
while visualizing 
optotype direction 
 
 
Inability to 
identify target 
during head 
movement 
Abnormal aVOR 
attributable to 
peripheral vestibular 
hypofunction; 
uncompensated aVOR 
Computerized 
dynamic 
posturography 
(CDP) , sensory 
organization 
test (SOT) 
(Herdman, 
1990) 
Integration for 
multisensory input for 
balance 
Challenge of 
balance with 
equipment and 
software under 
different conditions. 
 
Inappropriate 
responses to 
inaccurate 
sensory inputs 
Age-and height-
referenced responses 
to sway in sagittal 
plane 
Little is known about the specific pathophysiology of blast injuries and the resultant effects on 
the peripheral or central vestibular system. It is not known how these processes may affect the cortical 
and subcortical structures responsible for motion perception, spatial orientation, equilibrium, and gaze 
stability. Clinicians and researchers working with patients exposed to the blast must develop sensitive 
screening and assessment measures to identify vestibular pathology in this patient population, quantify 
the degree of impairment attributable to a blast, and formulate appropriate treatment strategies to 
ensure optimal participation and minimal disability. 
2.5 Blast Mitigation Strategies 
Efforts directed toward better understanding of the underlying causes, symptoms, test methods 
and injury mechanisms of blast induced TBI is only one aspect of the research in the area of TBI. Our 
emphasis is on the development of blast mitigation strategies that focus on mitigating the effects of the 
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incoming blast wave. In a large percentage of the studies concerning blast mitigation, substantial efforts 
have been aimed towards taking advantage of the mechanical properties of different materials. As an 
incoming wave encounters an interface between two materials of different acoustic impedance, a 
percentage of the incoming energy reflects back into the original medium of propagation while the 
remaining transmits into the other medium. The intensity and angle of the reflected and transmitted 
waves depend on the impedance mismatch of the material interface and the incidence angle. The 
acoustic impedance of a material is dependent on the density and the speed of sound through that 
medium. Many studies focused on selecting materials with beneficial material properties and placing 
them in such a manner as to take advantage of the acoustic impedance mismatches between their 
interfaces, ultimately attenuating the strength of the incoming blast wave.  
For the purpose of decoupling the incident shock wave, Cooper (2006) suggested that a 
decoupling layer could be used for reducing the peak transmitted overpressure. This decoupling layer is 
composed of a material of high acoustic impedance (Z = product of the speed of sound in the material 
and its density) backed by a material of very low Z such as foam with high compliance and high air 
content. 
Recent advances in the research addressing asymmetric explosive threats have looked into 
various ways of providing improved protection. Researchers have looked into shaping or directing the 
blast wave propagation mainly for large scale applications, either buildings or vehicles. Walsch et al. 
(2009) focuses their research effort on the use of magnetic fields to deflect the incoming shock wave. 
However, their effort is primarily concentrated for the region near the fireball where the medium is 
partially ionized. Curry (2009) and his research group at University of Missouri-Columbia proposes 
creating a region of plasma before the contact to mitigate the incoming blast. Both these approaches 
will have adverse effects on humans if used in helmet protection. There has been some recent advances 
in the area of detection of explosives as well (Angel, 2009; Bostick, 2009), where the focus has been to 
use radars and other detection devices such as sniffers to find IED's. 
Schaut et al. (2009) are working on designing a transparent armor made of glass, in which they 
are trying to predict the behavior of glass sheets with previous surface deterioration (i.e. from bad 
handling or sand erosion) on their strength against ballistic loading. The researcher subjects glass sheets, 
in which they have intentionally introduced surface faults (such as scratches), to three point static 
bending and tries to predict a model that relates the behavior from static loading to ballistic loading. 
They propose to deal with projectile damage in the future. Xue and Hutchinson (2003, 2004) proposed a 
new protection concept that utilizes light sandwich constructions, consisting of low-density, rigid, 
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cellular-core sandwiched between two parallel plates. This concept is based on the fluid structure 
interaction effect that was initially proposed by G.I. Taylor (1963). Taylor’s result states that lighter 
structures acquire less momentum than heavier structures when exposed to the same blast. The 
reduction in transmitted impulse can be utilized by the light weight face sheets of sandwich panels. The 
fundamental concept is that the motion of the structure, due to the deformation of core, relieves the 
pressure acting on it, reducing the transmitted impulse. Non-linear compressibility effects in FSI and 
their implications on air-blast loading of structures were further analyzed analytically and numerically by 
Kambouchev et al. (2006). The limiting cases of extremely heavy and extremely light plates are explored 
analytically for arbitrary blast intensity, from where it is concluded that a modified non-dimensional 
parameter representing the mass of compressed fluid relative to the mass of the plate governs the FSI. 
The main conclusion of this work is that nonlinear fluid compressibility further enhances the beneficial 
effects of FSI in reducing the impulse transmitted to the structure. 
In order to provide improved protection to the head from shock loading, we propose a novel 
concept of drilling channels in the foam liner of Army’s Advanced Combat Helmet (ACH) and filling these 
channels with different material(s), either solid or fluid. This is the first study which is looking into 
incorporating channels for helmets used in blast protection. In past there had been several attempts to 
incorporate channels in sports helmets, but nothing concrete could ever reach the market.  
The concept of incorporating channels in sports helmet was first suggested four decades earlier. 
Morgan (1971) proposed a plurality of inter-connected expandable first chambers with valves placed 
inside the helmets. These chambers would be filled with non-compressible fluid. Upon impact, the fluid 
will get displaced from the first chambers to the empty second chambers and, due to the design of the 
chambers, the displaced fluid is returned back to first chambers after the impact force is removed. In 
last four decades there have been several attempts (Holt, 1972; Villary, 1976; Gooding, 1983; Hosaka, 
1992; Calonge, 1998, Mendoza, 2001) in employing air bladders or fluid chambers; however, none of the 
proposed concepts materialized into a marketable product. Although potentially of value, none of these 
approaches are directly applicable to the blast protection problem. One patent that discusses blast 
protection is by Ponomarev (2006). It describes a method for placing a partially evacuated chamber 
filled with air or another gas between the blast source and the object to be protected, including the 
body. The chamber ruptures under the incoming pressure peak and the relative vacuum “sucks up” the 
ambient air, creating a negative pressure wave to interfere with the positive wave from the blast and 
reduces the transmitted pressure. Stuhmiller (2008) suggested a cushion for use in body armor to 
mitigate shock loads. It may include a plurality of fluid pockets which could be deformable or 
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reconfigurable, and are therefore connected to empty reservoir pockets. Transport of fluid was 
suggested through a vent controlled by a valve. 
There has been limited research on the use of filler materials in body armors. Gerber (1987) and 
Groves (1992) suggested use of compressible materials in the form of glass beads for use in body armor. 
Rhoades (2004) suggested use of a shear thickening material made of Polyborosiloxane for sports 
padding, bulletproof vests, weaponry etc. 
An extensive literature survey was also conducted on material properties which are 
hypothesized to provide blast mitigation.  
2.5.1 Blast mitigation using solid fillers 
Mechanical properties contribute largely to the behavior of shock wave interactions at material 
interfaces. Depending on the acoustic impedance of the interacting medium, the shock wave will reflect, 
transmit, and dissipate to differing degrees. A representative study presented by Zhuang et al. (2003) 
examined scattering effects of stress waves in layered composite materials. It was determined that the 
large impedance mismatches imposed at the interfaces created larger rise time for the shock front, 
essentially lengthening the time for a maximum stress to be obtained under a given loading condition. 
Advancing the idea of internal interfaces providing dissipation and dispersion effects, the representative 
computational study by Li et al. (2002) examines the effect of a multitude of interfaces by means of 
cellular media. Cellular collapse at low velocity impacts was verified to attenuate energy transfer effects. 
However, in the area of high velocity (blast) effects, it has been suspected that the cellular media 
actually enhanced the effect severity. Porous media is suggested (Kitagawa et al., 2009) to help in 
attenuation by dispersion at 3D porous surfaces. Essentially, the blast wave is degenerated into 
compression waves due to its interaction with three-dimensional porosity distribution.  
Nesterenko et al. (2003) suggested use of granular material. Granular materials can scatter the 
wave as well as absorb energy due to compression. Langhorst et al. (2010) also advocate granular 
materials and suggest that they can effectively dissipate blast energy if they are employed in a way that 
they easily crush and rearrange. Homae et al. (2007) and Cheng et al. (2005) suggested storing water 
close to explosive, proposing that phase transition could probably provide mitigation. The process of 
phase change extracts heat energy from the system, reduces the temperature of the gas products and 
hence and thus also reduces the peak pressure and the impulse. Pfannes et al. (2003) examined the use 
of tapered granular chains in order to absorb the energy from impulse loading. The study considers a 
linear alignment of spheres that are barely in contact. Grains were places such that they progressively 
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shrink in radius. Under these circumstances wave propagation behavior changes dramatically. By 
applying the impulse loading to the largest sphere at the end of the chain, given momentum 
conservation, the smallest sphere at the other end of the chain will obtain higher velocity but lower 
kinetic energy. Therefore, due to conservation of momentum and geometric nonlinearity the energy of 
the incoming wave breaks up into smaller “energy bundles”. 
2.5.2 Blast mitigation using fluid fillers 
Allen et al. (2003) presents suggestions for the mechanisms of blast mitigation including 
porosity, inertial effects (density), and thermal dissipation (liquids). Absil and Bryntse (2006) discussed 
several theories for the physics of liquid mitigation by thermal dissipation. The study referenced Keenan 
and Wager (1992) for theorizing that the liquid fragments and mixes with gases. The surface area of the 
liquid is increased and allows heat transfer. As a result the liquid evaporates and the gases cool causing 
a decreased gas pressure. Eriksson and Vretblad (1994) suggest that the liquid reduces the surrounding 
temperature and prevents afterburning which in turn eliminates additional temperature and pressure 
increase. The presence of liquid can allow explosive energy to be transferred to kinetic energy. 
 Zhao et al. (2009) proposes use of nanoporous particles suspended in non-wetting liquid as a 
possible mechanism for energy dissipation. As a nanoporous material is immersed in a non-wetting 
liquid or liquid solution, the liquid can be forced to infiltrate the otherwise energetically unfavorable 
nanopores when an external mechanical pressure (or other driving force) exceeds a critical threshold. 
During the infiltration process, part of the work done by the external mechanical load is reversibly 
converted into the interfacial energy (“the reversible energy conversion”) between the invading liquid 
and the interstitial fluid (e.g., air that initially occupies the nanopores). And the other larger part of the 
work is irreversibly dissipated via the extensive solid-liquid interface friction (in the form of thermal 
energy) as the invaded liquid transport along the nanopores (“the irreversible energy dissipation”). In 
our previous studies here at MIT, for impact tests, Stewart (2008) had shown the effectiveness of 
glycerin as a possible way to reduce the transferred impact forces by viscous dissipation and 
compression of foam. 
Some studies have also looked into modifying foam material of the helmet liner. Aqueous foams 
have been proven to be capable of providing significant shock wave attenuation (Barger and Hamel, 
2008). Aqueous foams rely in part on scattering and dispersing the pressure waves at the bubble/cell 
walls. Energy is also absorbed by the displacement of the bubbles in the aqueous foam. Additionally, 
shock waves propagating through aqueous foams create turbulent flow fields. This also dissipate 
38 
 
substantial amount of energy, particularly when reflected waves travel through the turbulent medium. 
Typically, aqueous foam for pressure wave attenuation is deployed either in an unconfined deluge or as 
a filler material in solid confining walls. High capacity foam deluge systems have been used for 
perimeter security and for flooding buildings to provide explosion protection from bombs. Aqueous 
foam filled containers have also been used for safe removal and disposal of explosives. Variants of the 
foam filled container concept have been developed as noise attenuation devices (“silencers”) for the 
muzzles of firearms and large naval guns. One drawback of aqueous foam is that it requires a foam 
generation system and/or a large bulky supply of foam to be stored wherever it is to be deployed. 
Dawson (2008) has performed analytical studies on applications of liquid-impregnated open-cell foam in 
blast protection of infrastructure.  
2.5.3 Proposed MIT study 
In order to test each of these proposed mechanisms, experiments were established to measure 
free field air blast parameters from an unconfined, unobstructed explosive charge. The thermal and 
viscous effects were examined using glycerin and water which provided different heat capacities. The 
porosity and density effects were examined using aerogel, glass beads and volcanic tuff. AgileZorb, 
manufactured by AgileNano, is also investigated. It consists of nanoporous particles suspended in a 
specially formulated liquid or gel. Pressure rapidly forces the liquid into normally empty nanopores, 
absorbing a tremendous amount of energy. Additional energy is dissipated by storing then releasing the 
energy through a gentle spring-like action. The results of the experiments suggested that thermal effects 
were insignificant, at least in relation to inertial and porosity effects.  
We propose to use a high energy absorbing foam made of Vinyl Nitrile polymer, manufactured 
by Der-Tex Corporation (Saco, ME). Our previous studies (Stewart, 2008) have shown the effectiveness 
of this foam over standard EPS foams, especially over multiple impacts. It is closed-cell foam. If the solid 
material from which the foam is constructed is contained only in the celI's edges allowing the cells to be 
connected through open spaces, the foam is said to be open-celIed. If the cells are also separated by 
plates or membranes of the solid materiaI, thereby completely cIosing off each cell from one another, 
then the foam is said to be closed-celled. Figure 2.6 shows SEM micrographs of the foam used. It is a 
strain rate dependent material. Other researchers (e.g. Kunecky and Jerousek, 2010) have also 
suggested use of strain-rate dependent material for the liners of protective helmets. 
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Fig. 2.6 Der-Tex foam SEM micrographs (obtained from Der-Tex Corporation) 
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CHAPTER 3 
 EXPERIMENTS: IMPACT ATTENUATION 
 
3.1 Introduction 
 Helmets were traditionally designed to prevent potentially catastrophic injuries such as skull 
fracture and other serious head injuries often associated with long term brain damage and death. 
Increased awareness of the effects of the repeated impacts has caused a change in helmet design, 
acknowledging that severe concussion can be as harmful as skull fracture in the medium to long term 
(University of Missouri Study, 2008). Although the exact mechanism of concussion is still under study, 
head accelerations and HIC have been found to correlate well with the likelihood of concussion 
(Greenwald et al., 2008).  
 Head related injuries are a serious concern in skiing, snow-boarding and other snow related 
sports. Head injuries account for a 10-20% of all injuries in snow sports (NSAA, 2009). In a study by 
Nakaguchi et al. (1999), it was found that the overall rates for head injury were 6.5 per 100,000 visits for 
snowboarders and 3.8 for skiers. Macnab et al. (2002) conducted a case study to determine whether 
wearing a helmet protected young skiers and boarders against head injury. Head, face and neck injuries 
in children aged less than 13 years were recorded and it was found that the helmets lead to a 43% 
reduction in the risk of head, face and neck injuries. Furthermore, it was found that no serious neck 
injuries occurred as a result of wearing a helmet. 
In a case-control study from Canada (Hagel et al., 2005), 1082 skiers and snowboarders with 
head or neck injuries were compared with 3295 skiers and snowboarders without head or neck injuries. 
It was found that wearing a helmet reduced the overall risk of head injury by 29%. Considering those 
who required ambulance transport, wearing a helmet reduced the risk of head injury by 56%. No 
associations were found between wearing a helmet and the occurrence of neck injuries even though it 
had been feared by some that the added mass of the helmet would increase neck injuries. In another 
case control study from Norway (Sulheim et al., 2006) involving 3277 snow sports injuries, the overall 
incidence of head injury was found to be 17.6%. They found a 53% higher incidence of head injuries 
amongst snowboarders compared to alpine skiers. Using a helmet reduced the risk of sustaining a head 
42 
 
injury by 60%.  They also found low incidence of neck injuries amongst those wearing a helmet. In short, 
there is well established evidence that wearing a helmet reduces head injuries. 
3.2 Previous Sports Helmet Liner Research at MIT 
 The four deformable bodies which absorb energy in a head impact are the head, the object 
being hit, the helmet and the helmet lining. It is the purpose of the helmet to attenuate rather than 
eliminate shock and to manage the impact by deformation. Energy absorbing materials and structures 
are used in a broad range of everyday applications such as in vehicle protection, ballistic armour, 
sporting equipment and protective clothing. Polymer foams with microstructures of open and closed 
cells are the most widely used energy absorbing materials (Mills, 2007). 
 The majority of modern ski helmets use Expanded Polystyrene (EPS) foam liners with a thin, 
hard plastic shell to prevent sharp objects penetrating through the liner. The concept is quite simple. 
Upon impact the EPS foam deforms, absorbing some of the impact and reducing the energy imparted to 
the head. EPS foam has many advantages including light weight and low expense. However the 
irreversibility of the foam deformation reduces the helmet’s performance for subsequent impacts, 
eventually providing almost no protection. EPS foam deforms locally at the collision site, leaving the 
forces concentrated only near the area of impact. As a result, a higher peak pressure force is 
experienced locally on the skull than if the impact were to be distributed over a larger area. 
There have been significant improvements in helmet safety in recent years; however, evidence 
suggests that further improvement is required. Research into helmet liners incorporating fluids has been 
conducted at MIT since 2004 (Young et al., 2006). Preliminary helmet research at MIT showed that a 
35% reduction in peak forces imparted to the head can be achieved by using Vinyl Nitrile (VN) foam 
which is surrounded by high viscosity fluid, compared to just using VN foam. Both the temporal and 
spatial distribution of pressure was improved by the surrounding the foam with the fluid. They further 
showed the advantage of cutting fluid channels in block samples of 0.5” (1.27 cm) thick VN foam (Claire 
and Vue, 2007).  
 The purpose of this study (Stewart, 2008) was to extend the earlier studies at MIT (Young et al., 
2006; Claire and Vue, 2007), and to assess the possible advantages of incorporating fluids or solid fillers 
in 1.0” (2.54 cm) thick VN foam. This had the potential to replace a conventional helmet liner and 
spatially distribute the energy upon impact.  
Fluid channels incorporated within the lining deform upon impact, squeezing the fluid away 
from the contact point. Fluid viscosity, along with foam compression, acts as the principle shock 
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absorption mechanisms, converting the kinetic energy of impact into heat. Once the fluid begins to flow 
away from the contact point and the duration of impact increases, the net forces become less localized 
resulting in a lower peak pressure and peak force experienced by the headform. This will reduce the 
cases of skull fracture and also the likelihood of concussion and hematoma. On the other hand, the 
primary mechanism by which solid filler can provide impact attenuation is by compressing and 
absorbing the energy. 
Experimentally  the  project (Stewart, 2008) aimed  to  refine  the  previous fluid/foam  concept  
by  providing  channels through the foam. The fluid would then be contained within the foam, where 
foam expansion and compression coupled with fluid viscosity mechanisms would absorb and distribute 
the impact forces. To cover a broader range of materials, solid fillers were also tried in the channels. 
Glass beads were tested. Loosely found beads can be used to attenuate as they can "flow". Impulse 
wave can get scattered and dispersed at the bead surfaces, and the displacement of the bead mass can 
absorb substantial energy due to compression (Nesterenko, 2003). 
In preparation for the continued development of advanced helmet liner with channels filled 
with fluid or solid filler, the deformation and deceleration responses of two kinds of currently available 
ski helmets was investigated. All drop tests were carried out as per ASTM Standard for protective 
headgear (ASTM F1446 08). First, a number of drop tests are carried out to test the effectiveness of the 
POC helmet compared to a standard ski helmet. Second, a number of drop tests on some foam-forms 
with different configurations and materials are performed, in order to test the effectiveness of our 
approach. The final step includes the manufacturing of a 3D liner with channels, which will replace the 
standard EPS lining in the helmets and further drop tests will be performed. 
Ultimately, the scope of the project is to develop a commercial product directed at the 
recreational sports helmet market. Better energy absorption using combinations of foam and channels 
will allow a thinner lining that potentially could replace the current liners in helmets. The soft thinner 
lining will offer a more comfortable fit as well. 
3.3 Apparatus 
The drop test assembly (Fig. 3.1) closely conformed to the ASTM F2040 06 helmet drop testing 
standard for recreational snow sports. It has a flat, solid anvil, made of steel as per the standards.  The 
tester consisted of an ASTM size ‘E’ headform attached to a steel cross member. Size ‘E’ is the smallest 
of the three medium sized headforms as per ASTM standards (E, J, M).  Figure 3.1 shows headform being 
dropped on a sandwich structure. 
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Fig. 3.1 Drop test apparatus (Stewart, 2008) 
ASTM specifications call for the total mass of the drop assembly to weigh no more than 5.1 kg. 
Due to the materials used in manufacturing of the drop tester, the actual drop mass amounted to 5.7 kg. 
To compensate for this, the drop height was lowered from the ASTM guideline of 2.00 m to 1.54 m. This 
resulted in the net momentum at impact being conserved and conforms to the ASTM standard of 31.32 
Nm. Dropping from a lower height of 1.54 m, corresponded to a theoretical impact velocity of 5.5 m/s 
with 86.2 J of kinetic energy, whereas the 2.00 m drop height as specified by ASTM, had impact velocity 
of 6.2 m/s and kinetic energy of 96.1 J. The maximum measured impact velocity of the headform was 
5.4 m/s and the average was 5.36 m/s. The kinetic energy at impact was reduced by 10% compared to 
the ASTM standard. Figure 3.2 shows a comparison between the ASTM standard and the MIT test rig. 
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Fig. 3.2 ASTM test criteria comparison 
In all experiments, the headform acceleration during the impact was recorded. Accelerometers 
producing a linear response up to 250 g were connected to a computer using an eight channel data 
acquisition system (DAQ). INSTACAL software recorded the results every 0.1 ms to produce an 
acceleration plot of the impact. The average peak value of acceleration was calculated using data from 
the two accelerometers in parallel, attached to the headform. Acceleration was measured uni-axially. 
The guide rails were straight and well greased, visual inspection did not find any off-vertical motion 
during the drop, hence off axis accelerations are assumed to be negligible. 
Two light gates were placed vertically 4.25 cm apart along the guide rails near the test sample 
and were used to trigger the data logger. The time duration between passings through two light gates 
was used to calculate the impact velocity. The theoretical impact velocity was 5.5 m/s. Measurements 
which were outside the 95% threshold (< 5.225 m/s) were discarded in our analysis. Accelerometer data 
was visually inspected to record the time at which the acceleration started rising above the baseline and 
the time at which it dropped down to the base line. Difference of these two time records gave the 
impact duration. 
3.4 Test Materials 
Conventional ski helmets from Leedom (Leedom Helmets, Stoughton, MA 02072, 
http://www.leedomhelmets.com/) were purchased from a local shop selling ski related equipments.  
These helmets are referred to as StandardX in further discussion. The total weight of the helmet, 
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including straps and padding was 370 grams. The price of a single StandardX ski helmet was $40. A 
couple of ski helmets manufactured by POC were procured (Skull X, size 51-52 cm) from POC USA (POC 
USA, Portsmouth, NH, USA – www.pocski.com). The weight of the POC helmet was in the range of 500-
550 grams. The retail price of POC helmet is around $150. Figure 3.3 shows both the helmets. 
 
Fig. 3.3 Ski helmets: StandardX (Left), POC (Right) 
For the tests involving foam-forms Der-Tex VN 600 foam was used (Der-Tex Corporation, Saco, 
Maine, www.dertexcorp.com). Figure 3.4 shows the three different configurations of Der-Tex foam 
samples that were tested: solid, single cavity, dual cavity. A 1.0” (2.54 cm) thick solid Der-Tex foam block 
of same dimensions was the baseline case. Foam samples of 4.50” x 3.75” (11.43 cm x 9.52 cm) are 
made with single and dual cavities. In the single cavity configuration, the cavity size was 4.50” x 3.25” x 
0.50” (11.43 cm x 8.25 cm x 1.27 cm). In the dual cavity configuration, each cavity size was 4.500” x 
1.125” x 0.500” (11.43 cm x 2.8575 cm x 1.27 cm). 
 
Fig. 3.4 Der-Tex VN600 foam: solid (Left), single cavity (Middle), dual cavity (Right) 
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The Der-Tex VN600 foam is closed cell foam based on Vinyl Nitrile polymer. This foam was 
selected for its good energy absorbing characteristics. Although no official recovery curves could be 
obtained from the manufacturer, the foam visually recovered within one minute after being fully 
compressed. Der-Tex VN600 has an average density of 108 Kg/m3. 
3.5 Results 
3.5.1 Ski Helmets 
3.5.1.1 Drop testing of Ski Helmets 
Two StandardX helmets and one POC helmet were dropped six times. Figure 3.5 shows a 
StandardX helmet attached to the drop test assembly.  
 
Fig. 3.5 StandardX helmet on drop test assembly 
Figure 3.6 shows the peak acceleration recorded (average of two accelerometer readings) at 
each drop. Peak acceleration values for StandardX are average values of the drop tests performed on 
the two helmets. From Fig. 3.6 it can be seen that the peak acceleration recorded for the six impacts is 
in the range of 103 - 131 g for POC helmet, and is in the range 128 - 230 g for the StandardX helmet. The 
POC helmet has around 20% less peak acceleration on first impact as compared to the first impact on 
StandardX helmet. Importantly, after the sixth impact, the peak acceleration in POC helmet increased by 
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only 27% over its first impact value whereas for the StandardX helmet, the peak acceleration increased 
by around 80%. 
 
Fig. 3.6 Peak acceleration comparison of the two ski helmets 
The impacts caused a significant reduction in thickness of the foam in both POC and StandardX 
helmets. For StandardX helmet, it was observed that the foam liner starts cracking even after the first 
drop. A small hollow region in foam was made evident by pressing the helmet shell near the impact 
location. This hollow region gets deeper with further drops and after six drops the thickness of the foam 
at the impact location was reduced by 1.2 cm (The original foam thickness of the StandardX helmet in 
the region of impact was 2.5 cm). For the POC helmet, three small cracks appear on the outer shell after 
2nd drop, which was aggravated both in number and quantity with further drops. At 5th drop, the outer 
shell gave in as shown in Figure 3.7. By manually pressing near the impact location on the POC helmet, 
the foam layer underneath the shell does not seems to deform. However, cutting the helmet into two 
pieces at the end of tests showed that there was significant reduction in foam thickness. Figure 3.8 and 
Fig. 3.9 shows the cross-section for StandardX and POC helmets respectively. Foam thickness and 
reduction in thickness measurements are shown in Table 3.1. 
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Fig. 3.7 Cracks in POC helmet after fifth drop 
 
Fig. 3.8 Cross-sectional view of StandardX helmet after six drops 
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Fig. 3.9 Cross-sectional view of POC helmet after six drops 
Table 3.1 Measurements of thickness of foam liner after six drops for POC and StandardX Helmets 
Helmet Type Reduction in Foam 
Thickness at Point 
of Impact (cm) 
Original Foam 
Thickness at Point 
of Impact (cm) 
Shell 
Thickness 
(cm) 
Maximum 
Overall Foam 
Thickness (cm) 
POC 0.8 1.9 0.2 2.2 
StandardX 1.2 2.5 0.1 3.4 
 
From Table 3.1 it can be seen that thickness around the point of impact is reduced by 42% after 
six impacts for the POC helmet. For the StandardX helmet, the reduction is around 48% after six impacts. 
For the POC helmet, it was the outer shell which started deconstructing on impact, whereas for the 
StandardX helmet, there were no visual cracks on the outer shell. Reduction in foam thickness was 
evident by pressing the StandardX helmet near the impact location.  
It should be noted that even though the reduction in thickness after six impacts is only 6% less 
for POC helmet as compared to a standard helmet, Fig. 3.6 clearly shows that there is a significant 
difference in peak acceleration recorded between the two helmets after six drops. This is despite the 
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fact that foam thickness for a standard ski helmet is generally higher than that for the POC helmet 
throughout the length of the liner. 
3.5.1.2 Load Deflection Tests 
In order to measure the load-deflection profile of new and old helmets (those helmets which 
were dropped six times), load deflection tests on an Instron Universal Testing Machine are performed. 
Figure 3.10 shows a POC helmet being tested on an Instron machine.  
 
Fig. 3.10 POC helmet on an Instron machine 
Table 3.2 shows the results of the load deflection tests. The values in columns 2 and 3 are the 
slopes of the linear regions of the Figs. 3.11-3.14. It can be observed that a new POC helmet, which had 
not been drop tested, had a higher slope than that of a new StandardX helmet. The slope can be related 
to elastic modulus.  
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Table 3.2 Results of load deflection tests 
 Load / deflection 
(N/mm) - 1st Linear 
Region 
Load / deflection 
(N/mm) - 2nd Linear 
Region (only for Old*) 
Yield Point (N) 
StandardX - New 38.1  250.0 N 
StandardX - Old 3.0 55.2  
POC - New 70.0  420.0 N 
POC - Old 15.3 46.9  
*Old refers to a helmet which has been dropped six times 
From Figs. 3.11-3.14, for the four cases, it can be observed that for the helmets which were 
dropped six times, referred as old helmets, there are two linear regions. The first linear region 
corresponds to the deflection due to the void region inside the helmet, i.e., only the shell is being 
pressed down with no resistance from foam. The second linear region is the deflection in the foam due 
to the load. For a new helmet there is only one linear elastic region and a well defined yield point. The 
plateau region in Figs. 3.11 and 3.13 can be attributed to the fact that, after a point, as the foam starts 
cracking, it offers no additional resistance and the crack starts propagating faster. We can expect a 
similar plateau region in Figs. 3.12 and 3.14, for the new helmets had the test been sustained at the 
same rate for a longer duration. 
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Fig. 3.11 Force deflection curve for a new StandardX helmet 
 
Fig. 3.12 Force deflection curve for an old StandardX helmet 
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Fig. 3.13 Force deflection curve for a new POC helmet 
 
Fig. 3.14 Force deflection curve for an old POC helmet 
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3.5.2 Foam-Forms 
3.5.2.1 Drop testing on Foam-Forms 
The main thrust of our research is to replace the solid foam liner of current helmets with foam 
liners containing channels filled with either solid or non-compressible fluid filler material(s). Before 
making 3D liners with channels cut through them, flat plate foam-forms with cavities were tested to 
assess the concept. The main objective of these experiments was to test different channel 
configurations and different materials. Foam-forms were placed on the solid anvil and the head form 
(without any helmet) was dropped from 1.54 m. Two different geometries were tested: single and dual 
cavity. Three different materials were tested in single cavity configuration: water, glycerin, and glass 
beads (referred as glass shots in subsequent figures). Glass beads are an abrasive blasting media and 
were purchased from McMaster. In the dual cavity configuration, only water was tested. This was to 
compare the performance of water in dual and single cavity. Four samples of each type were tested. 
Figure 3.15 shows a typical arrangement for testing of foam-forms. Peak accelerations for different 
impacts as obtained for different configurations and materials are shown in Fig. 3.16. Comparing water 
in dual and single cavity, it can be deduced that the small size of channels seems advantageous. 
Comparing the three different materials in single cavity, the viscous nature of glycerin seems to provide 
some advantage over others. 
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Fig. 3.15 Typical setup for the testing of foam-forms 
 
Fig. 3.16 Peak acceleration comparison of different materials and foam-forms 
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Fig. 3.17 Peak acceleration comparison of current helmets and foam-forms 
Figure 3.17 shows a comparison of peak accelerations recorded for multiple impacts for the 
current helmets (both POC and StandardX) and the foam-forms. It is important to note that direct 
comparisons are not valid, since the foam and the single cavity tests were carried out on flat samples 
with no shell, as opposed to the tests on helmets. It should also be noted that the peak acceleration for 
solid Der-Tex foam and single-cavity foam-form filled with glycerin is in the same range as the peak 
acceleration for the POC helmet.  
The preliminary results shown here and in our previous work seems encouraging. It is expected 
that further research on using the channels filled with different materials in Der-Tex foam, would show 
an improvement in the effectiveness of the helmets. Testing of foam and helmet samples to be obtained 
from POC is planned for future. 
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CHAPTER 4 
EXPERIMENTS: BLAST MITIGATION 
 
 The chapter provides description of the different experiments conducted during the course of 
the project. The blast experiments were conducted using the explosive driven shock tube facility at 
Purdue University, in collaboration with Prof. Steven Son. Experiments were conducted at MIT’s Soils 
Laboratory to characterize glass beads. Both these experiments are explained in this chapter. 
Experiments were also conducted using split Hopkinson Bar at HST department to characterize the foam 
at high strain rate loading. These experiments were conducted and analyzed by Prof. Simona Socrate 
and are explained in the Appendix.  
4.1 Blast Experiments 
 Blast experiments were conducted at Zucrows Laboratory in the Department of Mechanical 
Engineering at Purdue University. Experiments were conducted in collaboration with Prof. Steven Son 
and his graduate student, Ben Schimizze.  
4.1.1 Testing Apparatus 
 Two different test configurations were used. The first test configuration (Alley, 2009) required a 
plexiglass sheet on both sides of the sample in order to maintain the structural integrity of the sample.  
This resulted in a large portion of the blast wave being reflected off the front plexiglass sheet as 
indicated by the low pressures transmitted and the results of Schlieren shadowgraphy. This 
configuration was refined by using an aluminum plate configuration. The aluminium plate did not effect 
the readings, as observed in trials without the foam sample. The testing apparatus consists of a test 
stand which is constructed from 1.0” (2.54 cm) angle aluminum beams. This test stand is mounted on a 
sturdy optical table, which consists of a top surface with a 1.0” (2.54 cm) grid pattern of screw holes 
across the surface. To properly secure the test sample, a 0.75” (1.90 cm) thick aluminum plate was 
mounted on the test stand, such that the test sample is held at a vertical stance with the front face of 
the aluminum plate, and is perpendicular to the blast axis. The sample is only constrained on the back 
side by the aluminum plate. The central point of the front face of sample is at a distance of 11” (27.94 
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cm) from the mouth of the shock tube. At this distance the peak pressure generated is 51.0 psig, which 
is in the range of pressures which causes non-fatal TBI (Christou, 2010). Pressure measurements of the 
transmitted waves are recorded behind the sample. Figure 4.1 shows schematics of the shock tube and 
the test rig.  
 
Fig. 4.1 Schematics of the shock tube and the test rig 
 Figure 4.2a shows the front view of the test rig and a single cavity sample filled with glass beads 
mounted on it. The sample is held by a transparent packing tape, which was sufficient to keep the 
sample mounted to the stand even after the blast wave has passed through it. Figure 4.2b shows the 
back side view of the test rig. It also shows two pressure gages, which were recessed 3.0 mm from the 
surface of the foam sample and coated with thermal grease in order to transmit the shock wave. The 
gage on the right side in Fig. 4.2b, is aligned with the central axis of the sample and the shock tube. The 
gage on the left side in Fig. 4.2b, is at the same vertical level as the first pressure gage, but is at a 
horizontal separation of 3.0”. This gage is outside the periphery of the sample, and is used to check 
consistency across different trials. The pencil gage as seen in Fig. 4.2a is used to trigger the data 
acquisition system. 
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(a)                                                                                        (b) 
Fig. 4.2 Experimental setup: (a) Front view (b) Back view 
 Explosions were initiated using one Teledyne RISI RP-502 exploding bridge wire (EBW) detonator 
placed in the fore section of the detonator chamber.  The RP-502 is equivalent to a #8 blasting cap and is 
encased in aluminum which creates shrapnel upon detonation.  The test object is protected from the 
shrapnel by a blast plate as shown in Fig. 4.3. The detonation is then bridged between chambers using 
6.0” (15.24 cm) of PETN detonation cord which is knotted and extends 2.0” (5.08 cm) beyond the blast 
plate into the HE chamber.  Each test used 3.0 grams of Primasheet 1000 by Ensign-Bickford Aerospace 
& Defense (EBA&D). Primasheet 1000 is a plasticized high explosive containing 63% PETN, 29% 
plasticizer, and 8% nitrocellulose with a density of 1.48 g/cm3 and a detonation velocity of 6.8 km/s.  The 
Primasheet is shaped around the knotted detonation cord into a sphere. The amount that was used was 
determined after specifying the overpressure range of interest for the experiments. A previous study 
supports an estimate of 1% probability of fatality at 100 psig (689.5 kPa) and 90% probability of fatality 
at 220 psig (1516.9 kPa) (Kinney and Graham, 1985). Therefore, it was determined that the levels below 
100 psig (689.5 kPa) would be sufficient for laboratory testing to characterize system response to a 
loading condition in the field producing injury but not necessarily fatal injury. Three gram charges of 
PETN plastic sheet explosives were used in the experiments with a TNT equivalent mass of 2.87 g, 
releasing an explosive yield of 13.24 kJ. The incoming blast wave was directed towards the test stand 
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and the sample through an explosive driven shock tube, which is depicted in Fig. 4.3. The shock tube 
consists of two chambers, a 12” (30.48 cm) detonator and a 36” (91.44 cm) High Explosive (HE) 
chamber. The purpose of the detonation chamber is to prevent any fragmentation of the detonating 
mechanism in the shock wave that is generated, since the focus of this study is not on fragmentation 
protection. On the other hand, the length of the HE chamber assists in the separation of the shock wave 
from the chemical byproducts of the detonation process due to the higher (supersonic) velocity of the 
shock front compared to the slow velocity (subsonic) of the detonation products. Additionally, the HE 
chamber minimizes reflections of the shock front and turbulence (Alley, 2009). 
 
 
Figure 4.3: Sketch of an explosive driven shock tube (Alley, 2009) 
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4.1.2 Test Samples 
 Our previous studies (Stewart, 2008) had shown the performance advantage of high energy 
absorbing foam from Der-Tex Corporation, made of Vinyl Nitrile polymer, over traditional EPS foams, 
hence in all the blast tests, Der-Tex foam is used. Blast tests were conducted on two groups of samples. 
The first group consist of solid Der-Tex VN600 foam flat plate samples of dimensions 5” x 5” x 1” (12.70 
cm x 12.70 cm x 2.54 cm) with a corresponding volume of 25 in.3. The solid foam samples are regarded 
as the control samples, since no alterations to their geometry and no inclusion of any filler materials has 
been made. The second group of test samples maintains the same external overall dimensions (5” x 5” x 
1”= 12.70 cm x 12.70 cm x 2.54 cm) and foam material as the control group. However, their internal 
foam core was removed such that a single cavity of dimensions 4.0” x 3.0” x 0.5” (10.16 cm x 7.62 cm x 
1.27 cm) and corresponding volume of 6 in.3 (98.32 cm3) was present in their interior. Fig. 4.4 shows the 
two types of samples. 
 
(a)                                                                                        (b) 
Fig. 4.4 Test samples: (a) Solid foam (b) Single cavity sample 
 Foam sheets of thicknesses 0.25” (0.64 cm), 0.50” (1.27 cm) and 1.00” (2.54 cm) were procured 
from Der-Tex. One inch foam sheets were directly cut to size to prepare the control samples. For the 
single cavity samples, hand layup technique was used. First a 0.25” (0.64 cm) thick sheet was cut to the 
size of the bottom face of the single cavity sample, i.e., of dimension 5” x 5” (12.7 cm x 12.7 cm). Then 
5”x 1” (12.7 cm x 2.54 cm) strips were cut from the 0.5” (1.27 cm) thick foam sheets and glued on top of 
the bottom part using Epoxy (3M Hi-Strength 90 Spray Adhesive). This was pressed with weights and left 
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to cure for 5-6 hours. After this the top face of the sample is glued, and again the sample is pressed and 
left to be cured. 
 The filler materials that are described in subsequent sections are inserted in the single cavity of 
the test samples and placed for testing. The measured transmitted pressure profiles are then compared 
to the pressure profiles of the control case, i.e. solid foam sample. The open ends of the single cavity 
samples were closed by a transparent packing tape, as can be seen in Fig. 4.2a. The tape did not break 
even after the blast wave passed through the sample; hence all the reported trials were conducted with 
constrained ends. In some trials, an aluminum foil was instead used to close the ends, which would tear 
after the wave passes through, and thus could be explored to study the effect of unconstrained 
channels. Trials like this may be conducted in the future. All the results reported in results section are 
for the constrained case only. 
4.1.3 Instrumentation 
 In order to test the effectiveness and attenuation capabilities of the proposed liner design, the 
pressure profile of the transmitted wave behind the test sample was measured. The measurement 
location was specified at 12” (30.48 cm) away from the center of the face of the shock tube. The 
measurements were taken right behind the test samples. This distance was kept constant for all tests. A 
pressure gage as shown in Fig. 4.2b is grooved into the aluminum plate, and kept 3 mm behind the back 
surface of the samples. The in between space is filled with a thermal grease, which supposedly helps in 
wave transmission. The use of one pressure gage located at the center of the sample was considered to 
be adequate to measure the transmitted wave. The center location of the pressure transducer was 
selected so that it was positioned along the axis of the blast wave. Furthermore, due to the geometry of 
the used samples, either solid foam or samples including filler materials, it is desirable to measure the 
transmitted wave that propagates through all the material interfaces. 
 The free field pressure was measured with a pencil probe placed in between the sample and the 
shock tube as shown in Fig. 4.2a. The axis of the pencil probe was placed in a manner that was normal to 
the surface of the shock wave. There was no obstruction between the free field pressure gage and the 
mouth of the shock tube, and thus it can be used as a trigger. 
 The raw data measurements obtained by the pressure transducers were fed to a data 
acquisition unit and a number of oscilloscopes. Noise filtering and reduction procedures were also 
performed on the data in order to obtain better results. The blasts were measured using PCBTM model 
137A24 free field blast pressure pencil probes. PCBTM model 113B22 pressure sensors were used for 
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pressure measurements behind the sample and on its side. All the pressure transducers were 
piezoelectric type. The gage measurements then were conditioned and amplified using PCBTM model 
482A22 signal conditioners and the data was recorded using TektronixTM DPO4034 oscilloscopes. Raw 
data is passed through a low pass filter of 60 kHz using DPlotTM Graph Software.   
4.1.4 Filler Materials 
 The filler materials that were used during the experimental leg of the project in order to test 
their attenuation effectiveness were selected to cover a broad range of density, acoustic impedance (Z), 
particle size and viscosity. The materials that were tested are glass beads (also referred as glass shots), 
aerogel, AgileZorbTM, volcanic tuff, cabosil, water and glycerin. Their material properties are shown in 
Table 4.1. Volcanic tuff and cabosil were tested in some of our preliminary experimental studies (Alley, 
2009) and Christou (2010), but because of difficulty in procuring as well as not so much of performance 
advantage, further tests did not involve these two filler materials. Hence the experimental results that 
will be discussed in the next session, will not involve these two materials. 
 Viscosity was hypothesized to have an effect on the attenuation capabilities of the filler 
materials through viscous dissipation. Therefore, glycerin and water were tested as candidate materials; 
with the dynamic viscosity of glycerin being approximately three orders of magnitude larger than the 
viscosity of water. Furthermore, it was anticipated that fluid materials might also enhance the spatial 
distribution of the incoming wave.  
 Particle size was another parameter that was taken into account. Aerogel, cabosil and glass 
beads powder filler materials were used. The difference in particle size could allow for variation in 
packing density and particle contact. Increased particle contact might suggest better wave transmission 
as the wave would be passing through interfaces with matching impedances. Aerogel is primarily used 
for thermal insulation and is mainly comprised of approximately 95-99% air with the remaining 
percentage being Silicon Dioxide. Cabosil, on the other hand, is a fluid thickening agent and is used in 
the food industry due to its inert nature. It contains approximately 94% air while the remaining consists 
of Silicon Dioxide. Glass beads are 250-420 μm size particles. They are powdered non homogeneous 
materials containing fine particles and a high percentage of air provide a large number of interfaces with 
impedance mismatches leading to possible enhanced attenuation capabilities. 
 AgileZorbTM is also tested, which is a patented material manufactured by AgileNanoTM. It is 
essentially nano porous particles suspended in a gel or liquid. No material properties or chemical 
composition for this material could be obtained from the manufacturers. It is hypothesized that 
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pressure rapidly forces the liquid into normally empty nanopores, absorbing a tremendous amount of 
energy. Additional energy is dissipated by storing then releasing the energy through a gentle spring-like 
action. It was procured in the form of small plastic packets full of AgileZorbTM, as shown in Fig. 4.5, which 
also shows some other filler materials. 
 
Fig. 4.5 Filler materials 
 Density was a parameter that varied between all tested materials. Low density materials, cabosil 
Der-Tex foam and aerogel were tested. Water, glycerin, glass beads and tuff fall in the list of high density 
materials. Density, along with the Young’s modulus E, plays a significant role in wave transmission since 
it influences the speed of sound in a material and ultimately its characteristic acoustic impedance (Z). 
Large impedance values and specifically large impedance mismatches would lead to an increase of the 
reflected component of the wave, while large values of the speed of sound would ultimately increase 
the speed of the propagated wave through the material.  
 The volcanic tuff that was used has been claimed to offer significant blast attenuation 
capabilities, a feature demonstrated during volcanic rock blasting for the construction of roads and 
other infrastructure in the southwest states of the United States. Tuff was obtained from colleagues of 
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Prof. Steven Son at Los Alamos National Labs. The rocks were broken into small segments of less than ¾ 
in. size before they were placed in the test samples. No published documentation on properties or 
characteristics of tuff could be obtained. Results are presented in Alley (2009) and Christou (2010).  
Table 4.1 Mechanical properties of filler materials (Alley, 2009) 
Material Density,     ρ 
(kg/m3) 
Particle Size 
(μm) 
Speed of Sound, 
Co (m/s) 
Acoustic Impedance, 
Z (103 kg/m2 s) 
Viscosity,                
μ (Pa s)  
Water 1000 N/A 1500 1500 ~0.001 
Glycerin 1260 N/A 1900 2400 1.5 
Aerogel 95 1000-5000 70-1300 10 N/A 
Cabosil 35-60 0.2-0.3 100-1500 5-100 N/A 
Glass beads 1460 250-420 3700-5300 10000 N/A 
AgileZorbTM - 0.001 - - N/A 
Volcanic 
tuff 
1390 - - - N/A 
 
4.1.5 Results & Discussion 
 This section present and discuss the results of the blast experiments in the new configuration. 
The results of the earlier configuration are presented in Alley (2009) and Christou (2009). Measurements 
by the pencil gage are referred as pencil gage, measurements by the side gage which is grooved inside 
the aluminum plate (the left gage in Fig. 4.2b) are referred as external gage, where as measurements 
recorded by the gage which is right behind the center of the sample are referred as covered gage. Pencil 
gage and external gage measurements are also used to check consistency across different trials. Any 
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trial, for which the measurement of pencil gage was outside ±15% of its mean, was not counted for 
analysis. For each sample type, three good measurements were recorded and are reported here. In all, 
three good trials each of: solid foam control sample, pads of Army’s Advanced Combat Helmet (ACH), 
aerogel in single cavity samples, glass beads in single cavity samples, water in single cavity samples, and 
glycerin in single cavity samples were conducted.  
One trial of AgileZorbTM pad was also conducted. It was not kept inside the single cavity sample, 
but was blasted directly. This is because we could not procure AgileZorbTM in raw form from the 
manufacturer, but encased in small pads. Three trials were also conducted without any foam sample 
mounted on the test apparatus; they are referred as Open 12” (30.48 cm) because the covered gage is 
open to the blast and is located at 12” (30.48 cm) in front of shock tube. The order of all the trials was 
randomized. In all, 22 acceptable blast trials were conducted and analyzed. Only one shot was 
conducted per trial and on each sample type, i.e., the effect of multiple blast trials on the same sample 
were not studied. Table 4.2 shows the measurements of pencil and external gages. Average pressure 
recorded by the pencil gage was 25.56 psig whereas that by the external gage was 65.93 psig. The 
standard deviation for pencil gage readings is 1.24 psig, which is ~5% of the average, for external gage 
standard deviation is ~12%. These are within acceptable limits. Pound-force per square inch system is 
used in quoting pressures throughout the project. 1 psig = 6.895 kPa. 
Table 4.2 Measurements of pencil and external gages (n = 22) 
 Pencil gage (psig) External gage (psig) 
Average 25.56 65.93 
Standard Deviation 1.24 8.01 
Standard Error 0.32 2.07 
 
 Figure 4.6 shows the pressure measurements recorded by the covered gage for the three trials 
of water filled single cavity samples. The results show good consistency in the pattern of the transmitted 
wave. Peak pressures, rise times, time duration also seemed to be in good agreement. 
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Fig. 4.6 Results of single shot, repeated trials of water filled in single cavity samples 
 The most important parameter of interest is the peak pressure of the transmitted wave. Figure 
4.7 and Table 4.3, gives the peak pressure measured by the covered gage for the different trials. It also 
gives the average peak pressure recorded, and the average values are mentioned on top of the 
corresponding histogram. The error bars on the histograms indicate standard error.  
 
Fig. 4.7 Peak pressures for the three trials for different sample types (error bars indicate standard 
error, n = 3) 
 Solid foam was the control case. The average peak pressure recorded for the control was 75.0 
psig (517.1 kPa). All other sample trials are compared with respect to this. A two tailed t-test was 
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 conducted to test the difference between means of each sample type with respect to solid foam; p
values are recorded in Table 4.3. The average peak pressure for 
kPa), but since the p-value is 0.5, the difference is not 
case for single cavity samples filled with water; the average peak pressure recorded was 78.1 psig (538.5 
kPa), but the difference was not s
provide any improved attenuation compared to 
filled single cavity samples was 103 psig (710.2 kPa), which is significantly differ
= 0.05. One probable explanation for reduced attenuation by aerogel could be that since it is less dense 
than Der-Tex foam (density of Der
cavity in the single cavity samples is like devoid of some material. 
 Some very promising performance advantage was observed by glass beads and glycerin. The 
average peak pressure recorded for glass beads was 36.9 psig (254.4 kPa), whereas for glycerin it was 
38.3 psig (264.1 kPa). Both had a p-
50% reduction in peak pressures by both is quite promising. However, the best attenuation response 
was suggested by AgileZorbTM. The peak pressure for single trial of AgileZo
kPa), which is 72% reduction from solid foam, however since 
material, we cannot deduce any statistically significant conclusion. But nonetheless, this material seems 
encouraging. The manufacturers refuse to provide additional material for testing.
Table 4.3 Peak pressures for the different filler materials (n = 3)
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the Army foam was 81.9 psig 
statistically significant at α = 0.05. Same is the 
tatistically different than solid foam. Aerogel filled samples, did not 
the solid foam. The average peak pressures for aerogel 
ent than solid foam at α 
-Tex foam is 108 kg/m3, whereas that of aerogel is 95 kg/m
 
value of 0.01 while comparing the mean with solid foam. This nearly 
rbTM pad is 21.0 psig (144.8 
only one trial could be conducted for this 
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 Figures 4.8 and 4.9 show the transmitted pressure profile for each of the sample type. It is for 
that trial of the sample, for which the peak pressure was closest to the average peak pressure. For e.g., 
for aerogel, in Fig. 4.8, trial 2 is plotted, as its peak pressure is 100.0 psig (689.5 kPa), which is closest to 
the average peak pressure of aerogel (103 psig = 710.2 kPa) among the three trials. Figure 4.8 is for solid 
fillers, where as Fig. 4.9 is for liquid fillers. These two figures also show increased time duration and rise 
times for glass beads and glycerin samples as compared to the solid foam, which are two another 
parameters of interest. Increase in rise time and lower peak pressures for glass beads and glycerin 
implies lower pressure gradients. Comparing the performance of water and glycerin, the main 
noticeable distinction between water and glycerin is that the peak pressure for glycerin is significantly 
lower; we can conclude that the anticipated viscous effects did show significant behavior. This 
observation is rebuked in our numerical studies (Chapter 5), and also in recent tests performed on water 
filled samples, presented elsewhere (Schimmize, 2010). 
 
Fig. 4.8 Representative transmitted pressure profiles – solid fillers 
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Fig. 4.9 Representative transmitted pressure profiles – liquid fillers 
 In addition to attenuation by means of impedance mismatches, viscous dissipation etc., particle 
fracture was expected as a means of energy dissipation. Therefore, the foam samples with powder fillers 
were emptied of the filler materials following the experiments in order to collect expended filler 
samples. Small samples of each of the powder fillers were examined microscopically for evidence of 
significant fracture. It was observed that no distinguishable fracture was evident in any of the powder 
fillers except the highly porous aerogel. The comparison of the aerogel prior to the blast and following 
the blast showed generally smaller particle sizes of the post-blast material (approximately 1/3 to 1/2 the 
original size), visible to the naked eye. Since the aerogel is a uniquely structured material with high 
strength yet brittle behavior, it was clear that the blasts were successful in breaking up the overall 
particle sizes due to the fragile structure of the aerogel. However, significant attenuation by means of 
this particle breakup was not observed. Furthermore, since the glass beads and tuff (being of greater 
solid composition) and the cabosil (being on a scale too insignificant for distinguishable fracture by this 
means), particle fracture was not observed as a significant means of attenuation. 
 In summary the results suggest that high density (e.g. glass beads and glycerin) and low porosity 
materials showed lower energy transmission. Low density and high porosity materials (e. g. aerogel), 
retained most of air blast features and didn’t provide much attenuation. Viscosity does provide more 
attenuation as per the experimental investigation. However, in the later numerical study, no significant 
effect of viscosity at high strain rate loading was observed. AgileZorbTM, which are nano-porous particles 
suspended in non-wetting liquid seems promising, but more tests with this material will need to be 
conducted to draw any statistically significant conclusion. 
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 The Army pad and the solid foam are viscoelastic materials.  The mode of attenuation for these 
two materials was likely absorptive rather than reflective. A way to imagine this is with a simple dynamic 
system of a mass with a spring and dashpot on both sides with an applied force.  For the three low 
density materials (aerogel, solid foam and the Army foam), the mass is low and the spring constant is 
high.  The difference is that the dashpot impedance for the aerogel is negligible while it is medium for 
the foam materials.  The energy absorption is the result of either stretching or tearing of the solid parts 
of the materials upon pore collapse.  This example can be extended to the high density materials where 
the mass in the dynamic system is high.  A significant portion of the applied force will be resisted or 
reflected by the high mass; however, there is no significant method of energy absorption, so the 
dashpot impedance is negligible. 
 When considering the application of these materials in helmets, energy absorption is much 
more desirable than energy reflection.  The Kevlar helmet itself provides reflective protection from the 
shock waves; however, shock waves can bend around the edge of the helmet and travel between the 
helmet and the skull.  At this point, purely reflective materials would do little to dissipate the wave while 
absorptive materials would have a greater effect, because a reflective material would only internally 
reflect the wave without causing much attenuation. 
4.1.6 Weight Comparison 
 Table 4.4 shows comparison of weights of foam samples. It uses the current Army foam pad as 
the standard for comparison. The current Army foam pad, having dimensions as that of tested samples 
would weigh 60 g. The Army foam pad used in testing was slightly smaller than the dimension of the 
samples, so the weight is extrapolated. Der-Tex foam samples, which are used as a control, weigh 44 g, 
which is 27% lighter than the Army pads. However, single cavity samples filled with glass beads or 
glycerin weighs 338 g or 186 g respectively. This is an increase of 464% and 210% respectively over the 
Army foam. So although there is large weight penalty in use of glass beads or glycerin in the current 
configuration, but it is proposed that future design refinements will involve different thicknesses of 
channels, so some of the weight penalty that we see now will be cut down. Nonetheless, lots of design 
iterations are required before an optimum design point could be found between weight penalty and 
performance advantage. Hopefully, the numerical model will be useful in running such parametric 
studies. 
 
 Table 4.4 Weight comparison of filler materials in sandwich structure
 After the testing of sandwich structures was completed, the next logical step was the design and 
testing of the helmet liners. Eight helmet liners, as shown in Fig. 4.
the lab by hand layup technique. There are five channels running from front to back of the liner, each 
channel being 2” (5.08 cm) wide. Blast testing of prototyp
Combat Helmet (ACH) has already started
our liner design is under development at MIT by another graduate student
                  
Fig. 4.10 Helmet liner: (a) CAD drawing (b) Prototype
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e liners placed inside Army’s Advanced 
 at Purdue, and a numerical model coupling Army’s ACH with 
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(a)                                                                 (b) 
 
 
 
 
  Table 4.5 shows a weight comparison with the first prototype design of helmet liners. Again, all 
the Army pads (7) put together, as used in 
weigh 96 g. Liner made of only Der
weight of seven Army pads as used now, but would add 4% to the weight of the current Army helmets 
with the Army pads (1.38 Kg). As observed with 2D samples, using glass beads and glycerin would 
increase the weight by nearly 361% or 316% respectively with respect to 
included in the current configuration, that would imply a 25% additi
weight of the current Army helmet. If glycerin is included in the current configuration, that would imply 
a 22% additional weight with respect to the weight of 
weight penalties. Needless to say, a lot of parametric studies will needs to be conducted before a 
marketable design could be finalized.
Table 4.5 Weight comparison of helmet liners with different filler materials
*Weight of Standard Size ‘M’ Army Helmet = 1.38 Kg
 
4.1.7 Challenges faced in Experiments
 During the course of two years, the experimental setup underwent two major reforms, which 
impacted the overall timeline of the project and the modeling technique. In the very first experimental 
setup, shadowgraphy images suggested that the waves were converging around the edges of the sample 
and reaching the pressure gage before the transmitted pressure wave through the sample. In order to 
avoid this, a plexiglass chamber was constructed behind the sample (Alley, 2009). 
confined between two plexiglass sheets. This however resulted in very low pressure magnitudes, which 
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the Army pads. If glass beads is 
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Also
 
 the sample was 
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were not quite discernible across samples with different filler materials. This observation eventually led 
to the construction of the present experimental setup, which have been discussed in previous sections. 
4.2 Consolidation Tests 
 To characterize the glass beads, constant rate of strain (CRS) tests were conducted in the Soils 
Lab in Department of Civil Engineering at MIT, under the guidance of Dr. Jack Germaine and Dr. Andrew 
Whittle. The data obtained from these tests were used to obtain elastic coefficient (Cb) which will be 
used in the material model for glass beads, in ABAQUS.  
 A series of specimens at various starting densities were consolidated to stresses of 
approximately 5 MPa. All tests had two unload-reload cycles to provide swelling and recompression 
information. Tests were conducted in one dimension only. In the six successful tests, the initial setup 
density and the void ratio were varied to investigate the consolidation behavior from different starting 
conditions. Initial setup dry density was varied between 1.487 g/cm3 and 1.599 g/cm3, corresponding to 
an initial void ratio range of 0.681 to 0.563. All specimens were consolidated at a strain rate of 0.012” 
/min (5.08E-03 mm/s) to a maximum consolidation effective vertical stress, σv ≈ 5.09 MPa (Load ≈ 16 kN, 
Area ≈ 4.86 in.2). The unload-reload cycles separate more at lower stresses. Figure 4.11 shows how the 
samples were prepared and the test rig. Figure 4.12 shows compression curves in the conventional e-
log(σv) space for all the six tests.  
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                                 (a)                                                                                        (b) 
Fig. 4.11 CRS tests: (a) Sample preparation, (b) Test rig 
 
Fig. 4.12 Compression behavior in e-log(σv) space from CRS tests 
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 Equation 4.1 (Pestana, 2005) gives a relation between the void ratio and the stress: 
                                                   	
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                                                            4.1 
where, β and ρc are dimensionless material constants, and pa is the reference stress, assumed as 1.0 
atm. 
 A curve fit was obtained for the first loading cycle between e/e0 and α’/pa to obtain the 
unknown parameters, Cb, β and ρc. In the process of obtaining these three parameters, it was observed 
that ρc was of the order 0.05, with an error bound of ±10
6, and β was of the order of 0.005, with an error 
bound of ±106. Given the small value and large error bound, it was decided to neglect these two 
parameters, leaving Eq. 4.1 as: 
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                                           4.2 
And the equation relating the void ratio and strain can be obtained by integration of (Pestana, 2005): 
                            4.3 
where, e is the void ratio and ε is the true strain. 
 Table 4.6 presents the elastic coefficient (Cb), obtained by curve fitting Eq. 4.2 for the six test 
samples. Equations 4.2 and 4.3 can be used to obtain a relation between stress and strain for the glass 
beads. Since the density of glass beads used in simulations is 1.460 g/cc, Cb of 831.7 will be used. 
Table 4.6 Calculations of elastic coefficient for different void ratios 
Initial Void Ratio, e0 Dry Density, ρd (g/cc) Elastic Coefficient, Cb  
0.681 1.487 831.7 
0.625 1.538 551.4 
0.618 1.545 952.4 
0.617 1.546 1223 
0.600 1.555 820 
0.563 1.599 717.6 
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CHAPTER 5 
NUMERICAL SIMULATIONS 
 
The chapter discusses two numerical models which are being developed. The first model is to 
simulate blast loading on sandwich structures. Computations from this model are compared with data 
obtained from the experimental testing performed at Purdue. After model validation, parametric studies 
are carried out to better understand fluid-structure interaction with blast waves. Another model is being 
developed to simulate drop test experiments which were conducted on sandwich structures at MIT in 
our previous study (Stewart, 2008). This model was used to understand mechanisms of energy 
dissipation by fluid filler materials in sandwich structures. 
 
5.1 Blast Studies  
In earlier versions of the model that were developed to simulate air blast loading (Christou, 
2010), the coupled Eulerian-Lagrangian (CEL) technique available in ABAQUS v6.9 was used. The solid 
domain was modeled in the Lagrangian frame of reference, whereas the air region surrounding it was 
modeled in an Eulerian frame of reference. Shock wave propagation through the air domain was also 
modeled. This model had some numerical instability, especially while modeling fluid fillers in the 
channels. Leakage of fluid outside the cavities was observed. In June 2010, ABAQUS released version 
6.10, which has an in-built ConWep module to simulate air-blast loading. ConWep 
(https://pdc.usace.army.mil/software/conwep/) is a software tool developed by the US Army, and it 
does conventional weapons effects calculations including an assortment of air-blast routines, fragment 
and projectile penetrations, breach, cratering, and ground shock. In the present work, ConWep is used 
to simulate the shock propagation. 
5.1.1 Methods 
There are two different approaches used to model the flat plate sandwich structures: one for 
solid filler materials and another for fluid filler materials. 
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5.1.1.1 Modeling for solid filler materials 
The flat plate structure for a solid filler material is treated as one solid block with different 
sections having different material properties. The overall dimensions of the sandwich plate structure are 
5.0” x 5.0” x 1.0” (12.70 cm x 12.70 cm x 2.54 cm), similar to those in the experiments. A cavity 
(highlighted in red and circled in Fig. 5.1) of size 5.0” x 3.0” x 0.5” (12.70 cm x 7.62 cm x 2.54 cm) is 
modeled as in the experimental samples. Properties of filler materials can be assigned to this region. 
Foam and solid filler materials are modeled using Lagrangian elements. In order to simulate the 
benchmark case, i.e. pure foam samples, the red region (circled in Fig. 5.1) can be assigned the material 
properties of foam. The structure lies parallel to the X–Y plane, and the blast source is 12.75” (32.38 cm) 
vertically above (along the Z-direction) the center of the top face of the structure. 
 
Fig. 5.1 Model for solid fillers 
Initially, the structure is in its undeformed state. The back surface of the sandwich structure is 
fixed for all degrees of freedom (ENCASTRE). Also, the four sides of the structure are assigned zero 
surface forces. The plate surface is discretized using 51 × 51 x 10 C3D8R continuum elements, i.e. 8-node 
linear brick elements with reduced integration and hourglass control. There were a total of 31000 
elements. The C3D8R uses reduced integration, which greatly reduces computation time at the expense 
5”
” 
5”
1”
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of element stability. Infinite element stability was not critical. Hourglass control, integral to these 
elements, provides artificial stiffening against element instability.  
The primary parameter of interest is the transmitted pressure. Solutions are computed up to 
1 ms after detonation of the explosive. The linear shock-Hugoniot relation is used to model the filler 
materials along with the Mie-Grüneisen equation of state (Drumheller, 1998) to capture the volumetric 
behavior of the materials. A simple elastic model with a shear modulus (G) was employed to describe 
the deviatoric response. For the foam material, uni-axial stress-strain data obtained from the high strain 
rate testing using split Hopkinson bar is used (see Appendix). This data is different from the data used in 
our previous study (Christou, 2010). Table 5.1 gives the material properties used in the numerical model.  
Table 5.1 Material parameters used in the numerical model 
Material Density, ρ 
(Kg/m3) 
Shear 
Modulus, 
G (MPa) 
Poisson’s 
Ratio, ν  
Bulk Sound 
Velocity, Cb 
(m/s) 
Material 
Constant, 
s 
Grüneisen 
parameter, 
Γo 
Foam (Christou, 2010) 108 0.405 0.33 108.4 1.35 - 
Glass beads (Grady, 1997) 1460 30,400.000 0.23 2010.0 1.80 - 
Aerogel (Kitazawa, 1999) 95 4.170 0.20 567.0 1.08 - 
Water (Mori, 2007) 1000 n/a n/a 1490.0 1.92 0.10 
Glycerin (Marsh, 1980) 1260 n/a n/a 1900.0 1.60 0.78 
 
Shock-Hugoniot relation: 
                                                                   pos sUCU +=                                                                                     5.1 
Mie-Grüneisen equation of state: 
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In order to provide damping, linear artificial viscosity of 0.2 and quadratic artificial viscosity of 
1.2 are used. These values were found to be effective in the previous study (Christou, 2010). Dynamic 
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analysis with second order accuracy in double precision using ABAQUS/Explicit is carried. Initial 
temperature is defined as 19°C. Most of the testing was carried out between March-May in room 
conditions. Significant variation in temperature was not observed during this period. 
5.1.1.2 Modeling for fluid filler materials 
Analysis for the fluid filler materials (water and glycerin) is performed using the coupled 
Eulerian-Lagrangian (CEL) method in ABAQUS/Explicit. The solid foam is modeled using Lagrangian 
elements, whereas the fluid is modeled using Eulerian elements. The Eulerian implementation is based 
on the volume-of-fluid method. In this method, the material is tracked as it flows through the mesh by 
computing its Eulerian volume fraction (EVF) (ABAQUS Manual v6.10). If the material completely fills an 
element, its EVF is one; if no material is present in an element then its EVF is zero. The flat plate (foam 
sample) is modeled with a cavity as shown in Fig. 5.2a. The fluid domain (Fig. 5.2b) is slightly extended 
(by 0.25” = 0.64 cm) on the front side of the foam and has an overall thickness of 1.25” (3.18 cm). In 
some simulations it was observed that the foam was extending out more than the original thickness of 
the Eulerian domain (1.0” = 2.54 cm), creating a gap between the foam and the Eulerian domain. Thus it 
was essential to extend the Eulerian domain in front of the foam such that the fluid material can flow 
into the gap. Eulerian elements residing within the cavity are assigned an initial EVF of 1, and the rest 
are assigned an EVF of 0.  
 
Fig. 5.2 Model for fluid fillers: (a) Foam modeled as Lagrangian part, (b) Fluid region modeled as 
Eulerian part 
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Linear shock-Hugoniot and Mie-Grüneisen relations only capture the hydrodynamic response. 
Dynamic viscosity is also included in the material model for fluid filler materials to capture the shear 
response. The dynamic viscosity, μ, for water at T= 20°C is 0.001 Pa-s, whereas that for glycerin it is 
1.500 Pa-s. Γo factor in Eq. 5.2 capture thermal effects. This parameter could be obtained for the fluid 
filler materials, i.e. water and glycerin, thus thermal effects of fluids are captured by the simulations. 
The back surface of the solid domain is fixed for all degrees of freedom (ENCASTRE). The four 
sides of the solid domain are assigned zero surface forces. The two sides of the fluid domain 
corresponding to the openings of the cavity are assigned zero velocity in normal direction in order to 
constrain the fluid within the cavity. The solid domain is discretized in the same manner as earlier, 
whereas the fluid domain is discretized using 51 x 51 x 15 EC3D8R continuum elements, i.e. 8-node 
linear Eulerian bricks. There were roughly 90000 elements in the Eulerian domain, and 31000 in the 
Lagrangian domain. Reduced integration is used with viscous hourglass control. Solutions are computed 
up to 1 ms after detonation, where transmitted pressure values appear to have stabilized.  
5.1.2 Applied loading 
The ConWep module requires the equivalent mass of TNT for the explosive used and the point 
of detonation to be specified. The equivalent mass of PETN used was 2.87 g. The distance of detonation 
of the explosive was carefully selected in the model so that the loading applied on the front face 
matches the experimental loading. The point of detonation was chosen as 12.75” (32.38 cm).  
By placing the explosive at this distance in the simulations, the peak pressure calculated in front 
of the sample is 51.0 psig (352.0 kPa). The structure actually experiences the reflected pressure at 
normal incidence. In the experiments, the peak pressure of the applied loading at 11.0” (27.94 cm) in 
front of the shock tube was also 51.0 psig (352.0 kPa). There is good agreement of applied loading 
between the experiments and the simulations as seen in Fig. 5.3. However, positive duration and thus 
impulse (time integral of pressure) are slightly lower for the numerical loading as compared to 
experimental as can be seen in Fig 5.3. Measurement of pressure is done at the central element on the 
top face. Experimentally pressure is measured by a free-field blast, i.e., without any foam sample. The 
same loading was applied in all the simulations. This level of overpressure is in the range of pressures 
which causes non-lethal traumatic brain injury (Christou, 2010). Figure 5.4 shows the applied loading 
distribution on the top surface of the foam. It should be noted that pound-force per square inch system 
is used in quoting pressure values throughout the project. 1 psig = 6.895 kPa. 
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Fig. 5.3 Comparison of applied loading on front face of the sample 
 
Fig. 5.4 Applied loading 
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5.1.3 Results 
 The model is validated against the experimental results for the solid foam benchmark case. Peak 
transmitted pressure is the primary parameter of interest. Fig. 5.5 shows a comparison of the 
experimental measurement and numerical computation of the transmitted wave behind the foam 
sample. A good agreement between the experiments and the model can be observed, especially for 
peak pressure and rise time. Average peak pressure for the three trials during the experiment was 
around 75.0 psig (517.10 kPa) with a standard error of 4.16 psig (28.68 kPa). Peak pressure computed 
numerically is 70.5 psig (485.0 kPa). There is some discrepancy in the time duration, but this could be an 
artifact of the discrepancy in the time duration of the loading profile (Fig. 5.3). There are two peaks 
observed for the case of solid foam in the experiments. 
 
Fig. 5.5 Comparison of transmitted pressure behind a solid foam sample 
The pressure profiles computed numerically behind the foam sample for solid and fluid filler 
materials are shown in Figs. 5.6 and 5.7, respectively. These traces are obtained at the central element 
on the back surface of the foam. The peak pressure calculated for glass beads was 34.0 psig (234.5 kPa), 
which is nearly a 50% reduction over the solid foam (70.5 psig). Also, glass beads attenuated the 
negative region of the blast, which has also been hypothesized to be responsible for TBI. Rise time for 
glass beads was markedly higher than the solid foam. The peak pressure calculated for aerogel was 50.5 
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psig (348.0 kPa), which is nearly a 30% reduction over solid foam. It should be noted that the peak 
pressure obtained numerically for glass beads matches that with the experiments; however that is not 
the case with aerogel. For aerogel, experimentally, the peak pressure measured was 103 psig. The 
significant disparity between the experimental measurements and the numerical calculations for 
aerogel could be attributed to not having a good material model for aerogel. Glass beads also have 
nearly three orders of magnitude higher impedance than aerogel. Another possible source of 
incongruence between the model and experiment beyond peak pressures is the pressure gages. The 
pressure gages used are piezo-electric and are dynamic in design.  They become less accurate over 
multiple uses, and this may play a small role in the results.   
 
Fig. 5.6 Comparison of transmitted pressure for solid fillers 
It can be noted that the pressure for aerogel start rising around 0.02 ms after it starts rising for 
glass beads, and similarly pressure for pure foam starts rising around 0.05 ms after it starts rising in 
aerogel. These values were cross-checked by doing a sanity check based on dimensions of the sample 
and filler regions and the velocity of sound in each. It was calculated that time of rise for aerogel should 
be 0.04 ms after glass beads and 0.09 ms before foam, which is also roughly the case, barring 
computational artifacts especially relating small values. The high frequency ringing for glass beads can 
be attributed to the multiple reflections in the foam region between the cavity and the plate. 
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Figure 5.7 shows the calculated response of the liquid fillers—water and glycerin. The water 
pressure trace has a peak of 35.0 psig (241.5 kPa) whereas that of glycerin is 32.5 psig (224.0 kPa). 
Glycerin also shows a slightly longer rise time and longer time duration compared to water. Since no 
substantial difference is observed between the responses using water and glycerin as filler materials, 
probably viscosity is not playing any role in high frequency blast phenomenon. One parametric study as 
described later in this chapter that further strengthens this hypothesis. 
 
Fig. 5.7 Comparison of transmitted pressure for liquid fillers 
Table 5.2 shows a comparison of peak transmitted pressures as measured experimentally and 
that obtained from the simulations. The values in the bracket in one of the columns is standard error, 
n=3. A negative value in the columns for % reduction implies that the material is worse than the 
benchmark solid foam case. Reduction for experiments and simulation are calculated as per their 
individual benchmark cases. 
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Table 5.2 Comparison of peak transmitted pressures between experiments and simulation 
Material Experiments Simulation % Dis-
agreement 
between 
experiments 
& simulation 
Peak 
transmitted 
pressure (psig$) 
% Reduction 
from 
benchmark 
case 
Peak 
transmitted 
pressure (psig) 
% Reduction 
from 
benchmark 
case 
Foam* 75.0  
(4.2) 
n/a 70.5 n/a -6.0 
Army Pad 81.9 
(7.0) 
-9.2 - -  
Aerogel 103.0 
(4.6) 
-37.3 50.5 28.3 -50.9 
Glass beads 36.9 
(6.4) 
50.8 34.0 51.7 -7.8 
Water 78.0 
(3.0) 
-4.0 35.0 50.3 -55.1 
Glycerin 38.3 
(6.0) 
48.9 32.5 45.6 -15.1 
AgileZorbTM 21.0 72.0 - -  
* benchmark case. 
$
1 psig = 6.895 kPa 
 
5.1.4 Parametric studies 
 After validating the model some parametric studies are carried out to gain insight into the 
response of different channel configuration as well as material properties.  
5.1.4.1 Sensitivity Analysis 
 As is the case in any numerical modeling, results may vary depending upon mesh discretization. 
Foam sample without any cavity was chosen as the test case for sensitivity analysis, and various orders 
of discretization were considered. Table 5.3 presents the discretizations and the peak transmitted 
pressures obtained behind the foam sample for each case. 
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Table 5.3 Sensitivity analysis of mesh discretization 
Discretization of foam Peak transmitted pressure (psig) 
41 x 41 x 8 65.3 
46 x 46 x 12 68.8 
51 x 51 x 12 70.5 
61 x 61 x 12 73.0 
71 x 71 x 14 75.2 
 
In the range of discretizations studied, it can be seen that the pressure values obtained 
numerically (average = 70.5 psig, standard error = 1.2 psig, n = 5) are in the range of variations observed 
experimentally (average = 75.0 psig, standard error = 4.2 psig, n = 5). One can argue that the average 
peak transmitted pressure observed for the solid foam was 75 ± 4.16 psig, so one should probably use 
the discretization of 71 x 71 x 14. However, it has 26% more elements than the case with 51 x 51 x 12 
elements, and hence it takes more computational time. Hence, discretization of 51 x 51 x 12 was 
considered a good choice for uniformity of cell size as per the dimensions of the sample (5.0” x 5.0” x 
1.0”). 
5.1.4.2 Varying Viscosity 
 Viscosity was proposed as one of the mechanisms for blast mitigation. In our previous impact 
studies (Stewart, 2008), glycerin was found to have substantial performance advantage over water, 
which has three orders of magnitude lower viscosity. Thus in order to understand the effect of viscosity 
in blast mitigation, water and glycerin were compared in the simulations. Another hypothetical material 
(XM) having viscosity 10
3 times higher than glycerin was also considered. Other properties of this 
material were considered to be same as that of glycerin. Hence, the three viscosities that were 
considered were: 0.001 Pa-s (water), 1.500 Pa-s (glycerin), and 1500.000 Pa-s (XM). Peak pressures and 
the general trend of the transmitted wave behind the sample were compared. Table 5.4 presents the 
peak transmitted pressure measured at the central element on the back surface of the foam for the 
three cases. 
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Table 5.4 Effect of varying the viscosity 
Material Viscosity (Pa-s) Peak transmitted pressure (psig) 
Water 0.001 35.0 
Glycerin 1.500 32.5 
XM 1500.000 31.0 
 
 It can be seen that in the range of viscosity studied, variation of the peak transmitted pressure is 
within ±7.5%. There do not seem to be any significant additional energy dissipation provided by the 
viscosity. Though in the impact studies, 30% glycerin solution was found to be effective. In the blast 
mitigation study, no test cases were run with 30% glycerin solution, as even 100% glycerin solution was 
not found to provide any additional energy dissipation. The shape of the pressure profiles are shown in 
Fig. 5.7. Pressure profile for XM was also similar to the other two materials. Another interesting way to 
check the effect of viscosity is to observe the velocity of a nodal point in the fluid region. If viscosity does 
play any role, than one would imagine that velocity for the case of water would be substantially higher. 
For a viscous fluid like glycerin, more energy would get absorbed in trying to overcome the friction, and 
hence there will be less energy transformed to impart momentum to the fluid. However, no substantial 
differences in translation velocities (X and Y direction) were observed. In fact translational velocities 
were nearly zero. This indicates that the blast event was completed even before the fluid has any time 
to react. 
 A nodal point is selected at the centroid of the structure. Figure 5.8 shows the comparison of 
the velocities in Z direction for the three materials. There is no substantial difference between the three 
fillers for velocities in the Z direction. It is concluded that viscosity is not playing any role in providing 
blast mitigation. This result is in contradiction to our previous impact and blast experiments, which had 
shown some performance advantage by the use of glycerin over water. However, recent blast 
experiments (Schimizze, 2010) do not show any significant difference between the use of water or 
glycerin in blast mitigation. However, viscosity does seem to provide some attenuation as seen in our 
impact experiments (Stewart, 2008), and also confirmed by impact simulations (Section 5.2). 
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Fig. 5.8 Velocity of the central node for three materials in viscosity test  
 
5.1.4.3 Varying Geometry 
 Parametric studies are carried out to understand the effect of different geometries. Circular and 
criss-cross channels as shown in Figs. 5.9 and 5.10 are modeled. Five channels running along the X axis 
were constructed for the first configuration. Three different channel diameters  were considered: 0.250” 
(0.64 cm), 0.375” (0.95 cm), and 0.500” (1.27 cm). C3D8R, i.e., 8-node linear brick elements with 
reduced integration and hourglass control were used for discretization. Mesh linear density was 
maintained same as earlier. There were a total of 11500 elements. 
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Fig. 5.9 Circular channels  
 In another configuration, criss-cross channels as shown in Fig. 5.10 running along X and Y axes 
were modeled. For criss-cross channels a channel diameter of 0.50” (1.27 cm) was considered. Because 
of circular geometry, C3D4, i.e., 4-node linear tetrahedral elements were used for discretization. Mesh 
linear density was maintained same as earlier. There were a total of 172000 elements.  
 
Fig. 5.10 Criss-Cross channels 
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Table 5.5 presents the peak transmitted pressures obtained for the two different channel 
configurations: circular channels (C) and criss-cross channels (CC). Three different channel diameters for 
circular channels were considered. It can be observed that the peak transmitted pressure is 
monotonically decreasing as the % volume occupied by the channels increase, and hence the mass. Care 
should be taken in interpreting the values for criss-cross channels. The way the mesh was assigned for 
this case (C3D4 instead of C3D8R as for structure with circular channels), the peak applied loading was 
observed to be nearly 75.0 psig. This happens because there is less space for wave to travel per element, 
so the damping offered by the element is reduced.  
The main conclusion is that, it is not necessarily the channel configurations which make a big 
difference, but it is mainly the inertial effect. Denser the material (e.g. glass beads), more rigid the 
structure would be, and can thus provide more attenuation as per both experimental and numerical 
studies using the sandwich structures. Since the physics of wave propagation inside the helmets could 
be different, because of the proposed channeling effect, it will not be fair to extrapolate these results 
and suggest that a foam liner filled with dense material would be more effective than a pure solid foam 
liner. Some simulations were also run with glycerin and water in circular and criss-cross configurations 
with a channel diameter of 0.5”, and similar trend was observed as presented for glass beads in Table 
5.5. 
 
Table 5.5 Effect of different channel diameters 
Channel configuration: 
diameter (in.)* 
Peak transmitted 
pressure (psig) – glass 
beads 
Vol. of channels as a % 
of total vol. 
Mass of filler 
material as % of 
total mass 
C: 0.250 45.6 4.9 41.1 
C: 0.375 31.8 11.0 62.6 
C: 0.500 22.5 19.6 76.7 
CC: 0.500 26.8$ 38.1 89.3 
*C – circular, CC – criss-cross; $for criss-cross case, the  peak pressure observed at top face of sample 
was 75 psig, whereas for circular channels the peak pressure observed was 50 psig 
 
5.1.5 Other Test Configurations 
 As explained in previous chapter, the pressure measurements were recorded using pressure 
gages which were grooved inside the aluminum plate behind the foam sample. In reality, there was also 
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an air gap of roughly 3 mm between the front of the pressure gage and the back of the sample. This gap 
was filled with thermal grease when the test setup was fabricated. Thermal grease is supposed to assist 
in wave transmission. The amount of thermal grease that remains in the small cavity over multiple trials 
is difficult to gage. Also, since the exact properties of grease were not available, it was not modeled in 
the simulations. But, in order to understand the effect of an air gap, three cases were simulated.  
5.1.5.1 Cylindrical Hole behind the Foam 
In the first case, a small Eulerian section filled with air is defined as shown in Fig. 5.11. The 
cyclindrical hole has a diameter of 0.6 cm and a height of 10.0 cm. It is meshed using hexagonal 
elements by sweep technique (EC3D8R). There were 84 elements in the Eulerian domain. Rest of the 
assembly remains the same as described in section 5.1.1.1. Back surface of the cylinder is constrained 
completely and the circular side of the cylinder is constrained in X and Y direction. Glass beads were 
used as filler material. 
Eulerian and Lagrangian mesh are tied together using hard contact and rough friction 
formulation. Rough friction formulation implies that the coefficient of friction is ∞, and all relative 
sliding motion between the two contacting surfaces is prevented. Hard contact implies (ABAQUS Manual 
v6.10): (a) the surfaces transmit no contact pressure unless the nodes of the slave surface contact the 
master surface; (b) no penetration is allowed at each constraint location; and (c) there is no limit to the 
magnitude of contact pressure that can be transmitted when the surfaces are in contact. 
 
Fig. 5.11 Hole behind the sample 
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 After applying the blast loading as explained in previous sections, shock wave interaction in the 
cylindrical section was observed. It was hypothesized, that there could be a focusing effect, with the 
waves converging at the mouth of the hole from all sides. This could bump the pressure measurements 
recorded experimentally. No convergence of waves around the hole was observed. Infact the peak 
pressure computed in the center of the Eulerian domain at form-air interface was only 0.1 psig (0.7 kPa). 
The pressure computed at the central element on the back surface was around 0.8 kPa. Fortunately, no 
focusing effect was observed. The theory of focusing effect was first proposed in some studies 
conducted at Lawrence Livermore National Labs (Moss et al., 2009). 
5.1.5.2 Cylindrical Hole inside a Plate behind the Foam 
 In order to further explore any effects due to the hypothesized focusing effect, another 
simulation was carried out in which the cylindrical region was enclosed in an aluminum plate behind the 
foam sample as done in the experiments (Fig. 5.12). The Lagrangian domain of the foam was extended 
behind the foam by 0.75” (1.90 cm), keeping the lateral dimensions (in X and Y directions) same as that 
of the foam. A cylindrical cavity was created in this extended section. The size of this cylindrical cavity 
was same as explained in the previous section. The added section was assigned material properties of 
aluminum (density = 2700 kg/m3, elastic modulus = 70 GPa, poisson’s ratio = 0.35). This section was 
meshed using four node linear tetrahedral elements (C3D4) elements. The foam section was meshed 
using hexagonal elements. Total number of C3D8R continuum elements now was 39000, and the total 
number of C3D4 elements was 145000. 
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Fig. 5.12 Aluminum plate behind the sample 
  
 As in previous simulations, the shock wave interaction in the cylindrical region was observed. 
Again, no convergence of waves around the hole was observed. Infact the peak pressure computed in 
the center of the Eulerian domain at form-air interface was only 0.35 psig (2.40 kPa). The pressure 
computed at the central element on the back surface of the Eulerian domain was around 0.90 psig (6.50 
kPa). Hence, even while modeling an aluminum plate, no focusing effect was observed. 
5.1.5.3 Cylindrical Hole inside an extended plate behind the Foam 
 The aluminum plate modeled in the previous simulation was of same thickness as used in the 
experiments, but was not of same lateral dimensions as used in the experiments. Hence, an aluminum 
plate having exactly the same dimension as used in the experiment was modeled (Fig. 5.13). Dimensions 
of the aluminum plate were 11.0” x 7.0” x 0.75” (27.94 cm x 17.78 cm x 0.90 cm). It was extended 2.0” 
(5.08 cm) in –X direction beyond the foam, 4.0” (10.16 cm) in +X direction beyond the foam and 1.0” 
(2.54 cm) in –Y and +Y directions beyond the foam. As in the previous simulation, a cavity, the size of the 
cylindrical domain was created in this section. This section was meshed using tetrahedral elements. 
There were roughly 120,000 C3D4 (a 4 node linear tetrahedron element) elements in the aluminum 
section. 
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Fig. 5.13 Extended Aluminum plate behind the sample 
This simulation was carried out to understand if the shock wave might be reaching the pressure 
gage earlier from the sides of the hole than through the foam. The waves might be travelling laterally in 
X or Y direction through the aluminum plate and might affect the gage measurements. However analysis 
of the simulation results showed no lateral waves were observe in the aluminum plate section. The peak 
pressure computed in the center of the Eulerian domain at form-air interface was only 0.32 psig (2.2 
kPa). The pressure computed at the central element on the back surface of the Eulerian domain was 
around 0.88 psig (6.10 kPa). These pressures are similar as in previous simulation. The main conclusion 
from this set of three simulations was that there is no focusing of shock wave taking place at the foam-
hole interface. 
 While analyzing the experimental results some outliers were observed. For e.g., for the four 
trials of solid Der-Tex foam, the peak pressure recorded were: 69.0, 73.0, 83.0 and 142.0 psig. The last 
measurement is outside the 3σ range. It was hypothesized that the focusing effect could be the reason. 
This could happen if the axis of the shock tube and the foam sample were not perfectly aligned. Then 
one half of the hole would receive the shock wave slightly earlier than the other half. This disparity, 
along with ringing of the aluminum plate could potentially cause focusing, and thus the measurements 
of the pressure gage would not be valid. In the scope of simulations being carried out, it was not 
possible to model non-axial blasts. But at least we can say that for ideal blasts there is no focusing 
observed computationally. 
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5.1.6 Challenges faced in Numerical Modeling 
 Over the course of two years, the numerical model underwent several iterations. At the start of 
project, blast loading was modeled as impulse loading in ABAQUS v6.7. This type of modeling technique 
could not capture fluid-structure interaction effects. With the launch of ABAQUS v6.9, in the summers of 
2009, modeling technique was changed altogether in order to make use of the coupled Eulerian-
Lagrangian capabilities of the new version. Both solid foam and a portion of the surrounding air were 
modeled and subjected to an incoming blast wave generated by a pressure impulse. All the previous 
simulations were re-done. Simulations of this type of model took 1-2 days on standard lab PCs. 
Significant leakage issues were observed while modeling fluid filler materials because of sharp 
deformation at the corners of the solid block. Even after several round of discussions with ABAQUS 
support team, these issues could never be resolved. In June 2010, ABAQUS launched version 6.10, which 
had an in-built air-blast module. All the previous simulations were re-run with the new experimental 
setup. We were able to numerically validate the latest experimental results of the benchmark case. As 
we started getting more confidence on our new modeling technique, host of parametric studies were 
carried out. The same modeling technique is also used in the ongoing development of an integrated 
model of Army’s ACH and our helmet liner design. 
 Getting an adequate material model for foam and filler materials had been the other half of the 
modeling problems. Even though parameters for filler materials were obtained from literature, for 
materials like glass beads and aerogel, because of the difference in size of grains and porosity, it was not 
possible to obtain the exact material properties of the material that were used in the experiments. Both 
glass beads and aerogel are modeled as homogeneous solids, though should ideally be modeled as 
granular material. To this effect, some consolidation tests were performed at MIT’s soils lab, but how to 
incorporate those results in a user-defined material model in ABAQUS is still under investigation. We still 
do not have good material model for Kevlar shell of the ACH, which is a major concern for our next 
phase of modeling, i.e., coupling Army’s ACH with our helmet liner design. 
Uni-axial compression and hydrostatic tests were carried out at MIT to obtain elastic modulus, 
bulk modulus and poisson’s ratio for foam. These tests were conducted at 1%/s. The rate of blast 
loading is of the order of 1000/s. It was only in July 2010, that we could get access to split-Hopkinson bar 
facility to carry out testing at higher strain rates. Simulations had to be re-run when stress-strain rate 
data at higher strain rate loading was obtained in Oct 2010. 
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5.2 Impact Studies  
Impact, as opposed to blast, imposes a localized and longer lasting force profile. The 
effectiveness of the filler material might be expected to differ between the two. In a previous study 
(Stewart, 2008), glycerin-water solution was found to have shown substantial performance advantage 
over water while comparing peak acceleration during impact tests. Viscosity was hypothesized as a 
possible mechanism to reduce impulse transferred and improve the spatial distribution. Due to viscosity, 
more energy will get dissipated in transporting the fluid in the channels. Based on the encouraging 
results using 30% glycerin solution obtained in our previous study (Stewart, 2008), it was decided to use 
glycerin as a candidate filler material in blast mitigation study as well. In shock tube experiments 
conducted on sandwich structures at Purdue University, glycerin did show nearly 50% reduction in peak 
transmitted pressure compared to the solid foam. But whether this reduction is due to viscous effects or 
purely inertial effect was not known only from the experiments. One would expect that if the effect is 
viscous, then one should observe movement of fluid in lateral directions (X and Y). This however was not 
observed numerically as discussed in Section 5.1.4.2.  
Thus, in order to better understand the response of fluid filled structures to impact loading, 
sandwich structures were modeled in ABAQUS. Fig. 5.14 shows the dimensions of the structures used in 
impact experiments. There are five channels of 0.75” (1.90 cm) each. Details of the experiments can be 
found in Stewart (2008).  
 
Fig. 5.14 Schematics of the test samples (Stewart, 2008) 
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5.2.1 Methods 
The modeling philosophy used is same as described in section 5.1.1.2 for fluid filler material 
modeling for blast loading. However, there were two differences, one in the overall dimensions and 
two; instead of a rectangular cavity we had circular channels in impact experiments. The shape of the 
actual headform is ellipsoidal, but because of symmetry it was only modeled as a rigid hemisphere. It 
has a radius of 10.0 cm, and a mass of 5.7 kg. Fig. 5.15 shows the foam sample and the rigid headform as 
modeled in ABAQUS. Region shown in red (circled) can be assigned material properties of the filler 
material. Water and glycerin were used as filler materials. There were roughly 34000 C3D8R elements in 
the foam region and around 53000 EC3D8R elements in the Eulerian domain constructed to model the 
fluid filled cavities. Since headform was modeled just as a rigid body, no mesh controls were applied to 
it. 
The top of the headform is initially located 0.5” (1.27 cm) away from the front face of the foam. 
It is called reference point for the rigid body. And it is assigned an initial velocity of 5.5 m/s in the 
direction of the foam sample. This is the velocity attained by the headform, just before it hits the foam 
sample in the experiments. Gravity loading is also modeled. The axis of symmetry of the headform is 
along the Z direction. The foam sample is placed in the XY plane. The headform moves in the Z direction 
and impacts the top face of the foam. Motion of headform is constrained only in Z direction. Hard 
contact with rough friction formulation is assumed between the headform and the coupled Eulerian-
Lagrangian structure of the foam. Separation is allowed after contact. 
The back surfaces of the solid and fluid domain are fixed for all degrees of freedom (ENCASTRE). 
The four sides of the foam are assigned zero surface forces. The two sides of the fluid domain 
corresponding to the openings of the cavity are assigned zero velocity in the normal direction in order to 
constrain the fluid within the cavity. Both solid and fluid domains are discretized in the same manner as 
discussed earlier in section 5.1.1.2. 
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Fig. 5.15 Rigid head-form and the foam 
 Figure 5.16 shows a snapshot from the simulation, when the head-form just comes in contact 
with the foam. Simulations are run for 10 ms. In this time, head-form comes in contact with the foam, 
bounces back and reaches in the close vicinity of its original location. This is sufficient time for the foam 
to compress and regain its shape.  
 
Fig. 5.16 Rigid head-form impacting the foam 
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5.2.2 Results and Discussion 
Accelerations recorded in the experiments were in 100-250g range (Stewart, 2008). These 
measurements were made by accelerometers placed inside the impacting headform. Acceleration 
values recorded of the reference point were around 280g (Fig. 5.17). The simulation could be refined so 
that it can match the experiments closely, but that was not the real intent of developing the model. 
Model was developed to better understand the fluid-structure interaction during impact. Since, 
movement of fluid in channels had been hypothesized during the experiments as one potential way of 
attenuation, lateral velocities for nodes in the central plane of the fluid domain were analyzed.  
 
Fig. 5.17 Acceleration of the headform 
Nodal velocities of a node were compared for water and glycerin. Figure 5.18 shows this node, 
which is located quarter way on the X axis on the central plane (also Y = 0) of the Eulerian domain. It is 
expected that at this location, if fluid motion is supposed to play any role, then, non-zero velocities in X 
and Z direction should be observed. 
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Fig. 5.18 Location of the point of interest 
 Figures 5.19 and 5.20 are plots of lateral velocities for water and glycerin for the nodal point 
which is shown in Fig. 5.18. V1, V2 and V3 correspond to velocities along X, Y and Z directions 
respectively. Velocities in X direction are of primary interest, as this is the direction of the cavity. If the 
fluid has to flow it will flow in this direction. For the case of water, the maximum V1 is calculated as 17.5 
m/s whereas for glycerin, it is calculated as 7.5 m/s. V3 for both water and glycerin are around 15 m/s. V2 
is not substantial compared V1 and V3. This clearly shows that there is movement of fluids in the X 
direction. This was not observed in blast simulations. The traces for water are also shifted towards left 
as compared to that for glycerin. This can be expected as due to fact that glycerin is denser and viscous, 
it will take longer time to react to the impulse. 
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Fig. 5.19 Nodal velocities for water 
 
 
Fig. 5.20 Nodal velocities for glycerin 
 
Figure 5.21 presents a representative pressure profile at the center of the back surface of the 
foam sample. Quite understandably, parameters of the model needs to be tweaked to get pressures in 
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practical range, but what it shows is a potential performance advantage by the use of higher viscosity 
fluid like glycerin. It can be said that more energy would have been dissipated in the region containing 
glycerin, compared to the sample with water, as all other parameters are the same. This means, that 
glycerin would have absorbed more energy. Going by the velocity profiles as shown in Figs. 5.19-5.20, 
glycerin would not have absorbed more energy as means of kinetic energy. This is because its nodal 
velocities were lower by more than half and even though density is higher by around 25%, in kinetic 
energy calculations velocity is squared. Having lesser than half of the velocity of water, would imply 
nearly a quarter of kinetic energy for glycerin. The only other way glycerin could have absorbed more 
energy is by viscous dissipation in overcoming friction. 
 
Fig. 5.21 Pressure at the back of sample 
   
The same argument can be extended to blast mitigation. Neither did any significant difference in 
pressure profiles nor in lateral nodal velocities was observed between glycerin and water. Thus, it can be 
concluded that blast mitigation is not affected by the viscosity of medium. It should also be noted that 
the time scales of an impact event are of the order 5-6 ms, whereas blast event is over in 0.3-0.4 ms. It 
can be said that probably, there is not enough time for the fluid to react in a blast event. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
6.1.1 Blast Mitigation  
In the investigation of blast mitigation using sandwich structures, both experiments and 
numerical modeling were used hand in hand. Using results from initial blast experiments, a numerical 
model was developed and fine tuned to validate the experimental results. Thereafter, several 
parametric studies were carried out both experimentally and numerically. This section present the main 
conclusions of each. 
6.1.1.1 Experiments 
Sandwich samples were subjected to blast loading by an explosive driven shock tube at a 
standoff distance of 11 inches. The experimental goal was to specifically look at the attenuation of the 
transmitted shock wave as opposed to other blast effects. 
The results of experiments lead to the following conclusions: 
(1) Density and impedance are of primary importance when considering a material’s ability to 
mitigate a shock wave.  Higher density, higher impedance and low porosity materials like 
glass beads (ρ = 1460 Kg/m3, Z = 10x106 kg/m2s) and glycerin (ρ = 1260 Kg/m3, Z = 2.4x106 
kg/m2s) showed highest attenuation. The mode of attenuation is reflective. 
(2) Low density, porous materials like the solid Der-Tex and the Army foam showed some 
attenuation of the wave.  The mode of mitigation here is absorptive and a result of 
stretching and/or tearing of the solid material surrounding a collapsing pore.   
(3) The shock wave strength was amplified by aerogel. This was due to aerogel’s low overall 
density and impedance along with the fact that it was granular.  It retained most of air-blast 
features. 
(4) Based on experimental blast results as presented in Chapter 4, one may argue that glycerin 
showed substantially higher blast mitigation than water. But in a yet to publish article 
(Schimmizze, 2010) which involves detailed experimental analysis and additional blast tests, 
no significant difference between the use of glycerin and water in sandwich structures is 
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observed. In the numerical study as well, no significant effect of viscosity was observed. 
Thus we can conclude that viscosity does not seem to provide any additional blast 
mitigation. This could be because of smaller time scales of the blast phenomenon, such that 
the viscous effect does not come in to play. 
(5) It was observed that the use of fluid filled channels can reduce pressure gradients, as foam 
can compress, allowing more of the stress waves to propagate through to the underlying 
structure. Thus the impulse transmitted to the underlying structure is delayed, leading to a 
reduction in the pressure gradient of the shockwave.  
(6) AgileZorbTM, which are nano-porous particles suspended in a non-wetting liquid seems 
promising, but more tests with this material will need to be conducted to draw any 
statistically significant conclusion. 
(7) Glycerin, glass beads and AgileZorbTM showed an increase in rise time and time duration of 
the transmitted wave, which essentially relates to desirable reduction in pressure gradients. 
Quite understandably, there are a lot of practical design issues yet to be solved. For e.g., both 
glass beads and glycerin are found to provide attenuation, but they cause a lot of weight penalty. 
Based on the first prototype of a helmet liner that was developed, using glass beads or glycerin 
would make the helmet 20-25% heavier than the current helmet. 
 
6.1.1.2 Simulations 
 A model of sandwich structures being blasted is developed in ABAQUS/Explicit v6.10. An in-built 
module of ABAQUS, called ConWep, was used to simulate air blast loading. Initially the model is 
validated with the experiments for the solid foam benchmark case, and then the response of other 
filler materials is simulated. Parametric studies are carried out by varying material properties and 
the geometry. Results of the numerical simulations lead to the following conclusions: 
(1) Numerical simulations were successful in predicting the peak pressure results of the blast 
experiments especially in regards to relative attenuation among materials with the 
exception of aerogel. A good material model for aerogel could not be obtained. Neither 
from literature, nor from the manufacturer. 
(2) Dense materials were found to provide the highest attenuation (e.g. water, glycerin and 
glass beads) as in the experiments. Glass beads seem particularly promising barring its 
significant weight penalty. 
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(3) Viscosity is not found to provide any additional blast mitigation. 
(4) Use of circular and criss-cross configurations does not seem to provide any additional 
performance advantage. Within the scope of this study, it can be concluded that the primary 
driver for mitigation is the inertial effect. 
(5) One possible reason for some outliers in experimental measurements was hypothesized as 
focusing effect in the small cylindrical hole, in which the pressure gage is placed. 
Numerically, using different test configurations, no focusing effect was observed, for the 
ideal axial blast loading. Focusing effect (if any) could be an artifact of discrepancies in 
alignment of the blast axis or sample to sample variability. 
 
6.1.2 Impact Attenuation 
6.1.2.1 Experiments 
  Multiple drop tests on a high-end POC ski helmet were carried out to compare its performance 
with a standard ski helmet. Peak acceleration recorded after first impact of POC helmet was nearly 20% 
less compared to the standard helmet. Even more encouraging observation was that after sixth impact, 
the increase in peak acceleration for POC helmet was only 27%, compared to 80% for the standard 
helmet. After six drops, both the helmets were dissected into two halves. It was observed that the 
reduction in foam thickness for POC helmet was nearly 6% less compared to the standard helmet. In 
load deflection tests, it was found that not only does the yield point of POC helmets is higher, but even 
after six drops they maintain their integrity and their elastic modulus is significantly higher than that 
after six drops of the standard helmet. In conclusion, the experimental study found POC ski helmets to 
be substantially better than standard ski helmets. The results of this study were presented to a POC 
representative and it also formed the basis of an upcoming collaborative agreement between POC & 
MIT. 
 Another aspect of this study was to impact foam-forms with different cavity size, and different 
filler materials. Two different cavity sizes were tested. Using water as a filler material, it was found that 
use of smaller rectangular channels consistently provided around 25-30% less peak acceleration over 
multiple impacts. Of the three filler materials tested: glass beads, glycerin and water, glycerin provided 
the least peak acceleration. This result was confirmed, while numerically investigating a different 
geometry.  
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6.1.2.2 Simulations 
 Simulations are carried out to gain insight into the physics of energy dissipation on impact of 
sandwich structures containing fluid filler materials. Sandwich structures used in a previous study 
(Stewart, 2008) were modeled in ABAQUS/Explicit v6.10. For fluid filler materials, main dissipative 
mechanisms are conversion to kinetic energy and viscous dissipation. It is expected that higher viscous 
materials would provide reduced peak acceleration, as more energy will be dissipated in trying to 
overcome the viscous forces as well as provide momentum to the fluid. Experimental observations did 
show substantially less peak acceleration for glycerin compared to water (Stewart, 2008). Simulations 
reiterated the observations made experimentally. Comparing glycerin and water, glycerin showed 
reduced pressure transmitted through to the underlying structure. Lateral velocities of nodes in water 
and glycerin regions were compared. For a node located centrally on Y and Z axes, and around quarter 
distance with regard to X axis, the velocity in X direction observed for water was 17.5 m/s compared to 
7.5 m/s for glycerin. This clearly showed that there is faster movement of water, i.e. more energy is 
transferred to kinetic energy. On the other hand, there must have been more viscous dissipation in the 
case of glycerin compared to that for water, in trying to overcome the friction between the fluid and the 
channel walls. This observation can be confirmed by comparing the energy contours. 
6.2 Recommendations for Future Work 
6.2.1 Blast Mitigation 
 The present study was only restricted to sandwich structures. The knowledge gained from this 
will be utilized in conducting blast experiments on helmet liners. Few prototypes of the first design of 
the helmet liner have been fabricated. Testing of these liners placed inside Army’s ACH is currently 
underway at Purdue University. Glass beads and glycerin, which were found promising in the study of 
sandwich structures, will be tested during blast experiments involving helmet liners. Blasting the 
helmets in two different configurations will be carried out, head-on or face-on. These results will be 
compared with the tests performed on standard Army helmet, which will be used as the benchmark 
case. 
 Development of a numerical model in ABAQUS, coupling Army’s ACH helmet and our liner 
design is presently underway by another graduate student. After validating the model, with the 
experimental results, parametric studies on channel geometry will be carried out to arrive at an optimal 
configuration. From the numerical studies, insight into the interaction of blast waves with curved 
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channel geometries can also be obtained. This is difficult to gauge experimentally and it could play an 
important role in interpretation of results. Frequency and spatial distribution of transmitted wave 
should also be studied. Frequency directly relates to amount of energy transferred. Attempt should be 
made to spread out the frequency content to lower frequency. Under pressure region of the blast wave 
should also be mitigated both in magnitude and duration. 
Weight penalty is a major concern from a practical point of view. It may be possible that we may 
reduce the thickness of the shell, and still provide substantially more attenuation than the current 
helmet, but by how much, will need to be investigated. Issues like this should be resolved before any 
marketable product can be developed. Thermal effects, is another issue which were not looked into in 
the present study. 
6.2.1 Impact Attenuation 
 Based on encouraging results obtained from drop tests, MIT is in the process of signing a 
collaborative research agreement with POC, Sweden. Three main objectives have been proposed: 
(1) POC uses VPD (Viscoelastic Polymer Dough) in their body protective gears. This shows both 
viscous and elastic properties and is therefore a suitable optional material to the liner used 
in our previous studies, as we also combine elastic foam with viscous fluid. Testing the VPD 
material as liner material with same or similar test methods as in the previous work of fluid 
filled foam liners can be carried out. 
(2) POC makes a big part of their current helmet liners using EPP material instead of the 
traditional EPS. The benefit of EPP compared to EPS is the ability to withstand multiple 
impacts. Testing EPP sandwich structures with filled channels according to the same 
approach as with the filled Der-Tex foam liners can be carried. 
(3) Performance comparison on multiple drop testing can be made between POC’s standard 
helmets and POC’s modified helmets with MIT’s liner design. 
Our novel liner design concept has applications in many other industries like: bike helmet, football 
helmet, hockey helmet, construction, mining etc. Scope of our work in these fields and more can be 
explored. 
 
 
 
 
114 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
115 
 
Appendix 
Split Hopkinson Bar Tests 
 In order to obtain the response of the foam at higher strain rates, uni-axial compression tests 
using a Split Hopkinson pressure bar were carried out by Prof. Simona Socrate. She is a joint professor at 
MIT’s Department of Mechanical Engineering and Harvard-MIT Health Sciences & Technology Program. 
Technical specifications of the split Hopkinson bar can be found in Johnson (2005). Figure  
A.1 shows schematics of the pressure bar. Data obtained from these tests was used to obtain a material 
model for the foam. The material model is used in the simulations that were carried out in ABAQUS. 
 
 
Fig. A.1 Schematics of the split-Hopkinson pressure bar assembly at MIT (Johnson, 2005) 
 In the previous study (Christou, 2010), uni-axial and hydrostatic testing were performed on the 
foam samples at low strain rates (~ 1%/s). With the access to split Hopkinson pressure bar, high strain 
rate testing is carried out. Tests are carried out at two strain rates: 1000/s and 1500/s. After obtaining 
the true stress and strain at 1500/s (Fig. A.2) a sixth order polynomial fit was obtained between true 
stress (σt) and true strain (ε) as: 
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      σ  26.9 % &  207.5 % &* + 716.8 % &.  1029.5 % &/ + 523.1 % &1 + 33.3 % &2              A.1 
 
Fig. A.2 True stress-strain curve (blue: raw data; pink: curve fit) 
 Nominal strain (or engineering strain, e) is obtained from the true strain as: ε = ln (1 + e).  
 Lateral strain, e is obtained as: e = - ε*υ, where Poisson’s ratio, υ is assumed as 0.1. Nominal 
stress (or engineering stress, σ3) is obtained as: σ3  σ % 	1 + 4
*.  
 After obtaining nominal stress-strain data, which is presented later in this section, a numerical 
model is created in ABAQUS. Coefficients of Prony series up to three orders were adjusted so that 
experimental data matches the numerical results. The coefficients thus obtained are shown in Table A.1.  
Table A.1 Coefficients of the Prony series 
Shear relaxation modulus ratio, 
gi 
Bulk relaxation modulus ratio, 
ki 
Relaxation time, 
τi 
0.60 0.60 0.001 
0.22 0.22 1.000 
0.11 0.11 10.000 
 The material model obtained was used to compare stress values obtained numerically with that 
obtained by uni-axial compression testing at 1000/s. There is a good agreement as shown by blue and 
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black traces in Fig. A.3. Figure A.3 also shows an acceptable agreement while comparing with uni-axial 
testing performed at 1%/s by Christou (2010). 
 
Fig. A.3 Validation of numerical model with experimental data of uni-axial testing of foam 
 Though uni-axial testing was only performed at three strain rates: 1%/s, 1000/s, 1500/s; judging 
by the good agreement between numerical and experimental data, as shown in Fig. A.3, the material 
model can be used to estimate stress-strain behavior for mid-range strain rates, as shown in Fig. A.4. 
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Fig. A.4 Predicting response at mid-range strain rates using the material model 
 The following table gives the nominal stress and strain obtained from split-Hopkinson bar 
testing at 1500/s. This data is used as an input in the ABAQUS analysis, along with the coefficients of 
Prony series. 
Table A.2 Nominal stress-strain data from split-Hopkinson bar testing 
Nominal stress Nominal strain 
0 0 
0.129271765 0.005012521 
0.248456398 0.010050167 
0.358095138 0.015113065 
0.458712404 0.02020134 
0.550816048 0.025315121 
0.634897601 0.030454534 
0.71143253 0.035619709 
0.780880484 0.040810774 
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0.843685549 0.04602786 
0.900276496 0.051271096 
0.951067034 0.056540615 
0.99645606 0.061836547 
1.036827911 0.067159024 
1.072552612 0.072508181 
1.103986131 0.077884151 
1.131470626 0.083287068 
1.155334695 0.088717067 
1.175893629 0.094174284 
1.193449662 0.099658855 
1.208292218 0.105170918 
1.220698162 0.11071061 
1.230932052 0.11627807 
1.239246385 0.121873438 
1.245881846 0.127496852 
1.25106756 0.133148453 
1.255021336 0.138828383 
1.25794992 0.144536784 
1.260049238 0.150273799 
1.261504647 0.15603957 
1.262491181 0.161834243 
1.263173797 0.167657961 
1.263707624 0.173510871 
1.264238203 0.179393119 
1.264901741 0.185304851 
1.26582535 0.191246217 
1.267127292 0.197217363 
1.268917226 0.20321844 
1.27129645 0.209249598 
1.274358143 0.215310986 
1.27818761 0.221402758 
1.282862522 0.227525065 
1.288453157 0.23367806 
1.295022645 0.239861897 
1.302627201 0.246076731 
1.311316371 0.252322716 
1.321133267 0.25860001 
1.332114808 0.264908769 
1.344291952 0.27124915 
1.357689941 0.277621313 
1.372328528 0.284025417 
1.38822222 0.290461621 
1.405380504 0.296930087 
1.423808089 0.303430976 
1.443505132 0.309964451 
1.464467473 0.316530675 
1.486686863 0.323129812 
1.510151198 0.329762028 
1.534844743 0.336427488 
120 
 
1.560748364 0.343126359 
1.587839751 0.349858808 
1.616093648 0.356625003 
1.645482073 0.363425114 
1.675974545 0.370259311 
1.707538306 0.377127764 
1.740138539 0.384030646 
1.773738595 0.390968128 
1.808300204 0.397940385 
1.843783698 0.404947591 
1.880148225 0.41198992 
1.917351966 0.419067549 
1.955352346 0.426180654 
1.99410625 0.433329415 
2.03357023 0.440514008 
2.073700719 0.447734615 
2.114454234 0.454991415 
2.155787588 0.462284589 
2.197658093 0.469614321 
2.24002376 0.476980794 
2.282843508 0.484384191 
2.32607736 0.491824698 
2.369686642 0.4993025 
2.413634182 0.506817785 
2.457884503 0.514370741 
2.50240402 0.521961556 
2.54716123 0.52959042 
2.5921269 0.537257524 
2.637274261 0.544963059 
2.682579187 0.552707219 
2.728020388 0.560490196 
2.773579585 0.568312185 
2.819241697 0.576173383 
2.864995013 0.584073985 
2.910831374 0.592014189 
2.956746346 0.599994193 
3.002739392 0.608014197 
3.048814041 0.616074402 
3.094978058 0.624175009 
3.141243609 0.63231622 
3.187627425 0.640498239 
3.234150963 0.648721271 
3.280840564 0.65698552 
3.327727609 0.665291195 
3.374848678 0.673638502 
3.422245693 0.68202765 
3.469966077 0.690458848 
3.518062892 0.698932309 
3.566594989 0.707448242 
3.615627143 0.716006862 
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3.665230201 0.724608382 
3.71548121 0.733253018 
3.766463551 0.741940985 
3.818267075 0.7506725 
3.870988226 0.759447783 
3.924730165 0.768267051 
3.979602897 0.777130527 
4.035723383 0.786038431 
4.093215663 0.794990986 
4.152210964 0.803988415 
4.212847811 0.813030945 
4.275272135 0.8221188 
4.339637375 0.831252209 
4.40610458 0.840431399 
4.474842503 0.8496566 
4.546027699 0.858928042 
4.619844612 0.868245957 
4.696485663 0.877610579 
4.776151336 0.887022141 
4.859050252 0.896480879 
4.945399254 0.905987029 
5.035423473 0.915540829 
5.129356401 0.925142517 
5.227439956 0.934792334 
5.329924543 0.944490521 
5.437069115 0.954237321 
5.549141224 0.964032976 
5.666417076 0.973877732 
5.789181572 0.983771836 
5.917728358 0.993715533 
6.052359857 1.003709074 
6.193387308 1.013752707 
6.341130797 1.023846685 
6.49591928 1.033991259 
6.65809061 1.044186682 
6.827991553 1.054433211 
7.005977801 1.0647311 
7.192413985 1.075080608 
7.387673676 1.085481993 
7.59213939 1.095935514 
7.806202582 1.106441435 
8.03026364 1.117000017 
8.264731869 1.127611523 
8.510025478 1.13827622 
8.766571558 1.148994375 
9.034806049 1.159766254 
9.31517372 1.170592127 
9.608128122 1.181472265 
9.914131556 1.192406941 
10.23365502 1.203396426 
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